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Abstract 
As global climate warms, plant distributions are predicted to shift due to altered 
disturbance, precipitation and seasonal temperature regimes.  Areas currently occupied by 
the northern temperate and boreal forests are projected to undergo significant changes in 
response to climate warming.  Northward migration of temperate and southern boreal 
species could alter community composition, diversity and productivity in forested 
ecosystems.  Critical to understanding potential forest shifts is gaining a better 
understanding of warming effects on young tree seedlings, the survival and recruitment 
of which will influence future forest composition.  In this dissertation, I examine the 
effects of climate warming on tree seedling physiology, growth and survival in species 
common to the temperate-boreal forest ecotone using both glasshouse and field 
experiments.  
To examine tree seedling physiological response to the dual-stress of high 
temperature and low light, I grew six species in two temperature environments (25°C 
day/19°C night or 30°C day/24°C night) in glasshouses.  Later, I imposed a low light 
treatment (<1% light) designed to move seedlings below their whole plant light 
compensation points.  Tree seedlings germinated and grown in elevated temperature had 
lower plant biomass, lower non-structural carbohydrate reserve pools and tissue 
concentrations relative to seedlings grown in cooler temperatures.  After subjected to 
low-light stress, seedlings in elevated temperature showed higher dark respiration rates 
and mortality relative to seedlings grown in a cooler temperature environment.  Non-
structural carbohydrates are an important means by which plants respond to 
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environmental stress and promote survival.  To examine how allocation to and use of 
NSC reserves varies across resource gradients, I planted tree seedlings in one of four light 
environments (5%, 10%, 30% and 60% canopy openness) in a field experiment.  I found 
that NSC reserve use and accumulation varies among species, within species across a 
light gradient and seasonally in conjunction with growth phenology.  Within species, 
seedlings accumulated higher reserves when growth was limited by light availability (low 
light) or when light was sufficient to allocate to both growth and reserve accumulation 
(high light).  Finally, I planted six species into three light environments (10%, 30% and 
60% canopy openness), and in one of two temperature treatments within light 
environment (ambient or passively warmed) to examine the interactive effects of 
warming and light environment on seedling growth and survival.  I provide evidence that 
warming, generally, has positive effects on growth and productivity in six species 
common to the temperate-boreal ecotone in low and intermediate light levels, but 
generally negative effects in high light.  Overall, this dissertation suggests that elevated 
temperature may inhibit tree seedling productivity and resilience to environmental stress 
when coupled with additional environmental stress (i.e. very low or very high light), but 
increase productivity in moderate resource environments. 
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Introduction 
Climate exerts important controls on forest structure, composition, 
distribution and productivity due in part to plant physiological limitations (Grimm 
et al. 2013).  As global climate warms, plant distributions are predicted to shift 
due to altered disturbance, precipitation and seasonal temperature regimes 
(Iverson et al. 2008).  Climate warming is predicted to be strongest at high 
latitudes, including areas currently occupied by the northern temperate and boreal 
forests (IPCC 2007).  Numerous experimental warming studies have been 
conducted in high latitude tundra and high altitude alpine ecosystems, while fewer 
have investigated warming in northern temperate and southern boreal forests.  
These areas are projected to undergo significant changes in response to climate 
warming.  Northward migration of temperate and southern boreal species could 
alter community composition, diversity and productivity in these forested 
ecotones (Gonzalez et al. 2010).  Some studies show increased productivity in 
temperate and boreal species in response to moderate warming (Jarvis and Linder 
2000, Stromgren and Linder 2002), but potential productivity differs within and 
among species and may be greater in colder rather than temperate regions (Rustad 
et al. 2001, Norby and Luo 2004).  Species-specific experimental data will help us 
better understand and more accurately predict future forest composition and the 
potential consequences of climate warming in high latitude ecosystems.  Critical 
to this is gaining a better understanding of warming effects on young tree 
seedlings, which may influence seedling growth and recruitment as climate and 
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habitat change.  In this dissertation, I examine the effects of climate warming on 
tree seedling physiology, growth and survival in species common to the 
temperate-boreal forest ecotone.  
>>Chapter 1:  Tree seedlings in the forest understory must employ strategies for 
enduring low light stress.  One potentially critical seedling survival mechanism is 
the allocation to and use of non-structural carbohydrate reserves (NSC).  To better 
understand how this survival mechanism may be altered by climate warming, I 
experimentally manipulate growth temperature and light availability.  
Specifically, I investigate the effects of elevated temperature and low light on 
seedling growth, dark respiration rates, NSCs and survival in six tree species in a 
glasshouse experiment.  >>Chapter 2:  Allocation to and use of NSC reserves may 
vary across resource gradients.  In a field experiment, I investigate the effects of 
light environment on seasonal non-structural carbohydrate reserve patterns in both 
above and belowground plant parts, and the relationship between NSC reserves 
and survival in three species across a light gradient.  >>Chapter 3: Finally, both 
temperature and light availability strongly influence seedling recruitment, but 
climate warming and its effects may be uneven across light gradients.  Elevated 
temperature may interact with the light environment to produce different growth 
and survival responses across such resource and microclimate gradients.  I use a 
novel approach to passively warm seedlings in the field across a light gradient 
spanning 10% - 60% canopy openness.  Using large, open- topped chambers to 
enhance temperature, I examine the effects of light and temperature environment 
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on cumulative extension growth, diameter growth and survival in a natural 
setting.  I also discuss the viability of the open top chambers in forest field 
research, and their suitability as an inexpensive alternative to active warming 
approaches. 
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Chapter 1: Elevated temperature in low light reduces shade tolerance in tree 
seedlings by increasing respiratory carbon loss and reserve carbohydrate use 
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Chapter Summary 
Elevated temperatures associated with climate warming could alter tree 
seedling development and recruitment, affecting future forest composition. 
Elevated growth temperatures may reduce a seedling’s ability to respond to 
environmental stressors by altering plant physiological response and survival 
strategies.  To examine tree seedling response to high temperature and low light, I 
grew six species (in order of decreasing shade tolerance: A. balsamea, A. 
saccharum, P. strobus, Q. macrocarpa, P. banksiana and P. grandidentata) in 
two temperature environments (each held constant at 25°C day/19°C night or 
30°C day/24°C night) in glasshouses (mean daily PFD = 10.01 ± 0.59 mol m2 d-1). 
I then imposed a low light treatment (<1% light) designed to move seedlings 
below their whole plant light compensation points.  I examined the effects of 
elevated growth temperature on growth, dark respiration rates and seedling 
allocation to and use of non-structural carbohydrate reserves, upon which plants 
rely to survive adverse growth conditions.  Seedlings grown in elevated 
temperature had lower plant biomass, lower non-structural carbohydrate reserve 
pools and tissue concentrations prior to shading and higher dark respiration rates 
and mortality after low-light stress relative to seedlings grown in a cooler 
temperature environment.  I provide evidence that seedlings use stored non-
structural carbohydrates to support metabolism when below their compensation 
points.  Following deep shade treatments imposed within each temperature 
treatment, seedlings in the cooler temperature environment survived nearly twice 
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as long as those in elevated temperature.  Overall, my study suggests that elevated 
temperature reduces northern temperate tree seedling productivity in low light and 
resilience to environmental stress, potentially limiting seedling recruitment, 
particularly in forest understories. 
Introduction 
Forest dynamics and composition in a warmer climate will depend 
strongly on patterns of seedling germination and recruitment (Ribbens et al. 1994, 
Körner 2003, Clark et al. 2007, Shevtsova et al. 2009).  Whole-season warming 
may affect these processes (Shevtsova et al. 2009).  Young seedling survival is 
often tenuous, subject to climate stress (e.g. high temperature, drought); resource 
competition from established vegetation; and tissue loss or damage from 
herbivores, pathogens and fire (Canham et al. 1999, Packer and Clay 2000, 
Gardescu 2003, Wigley et al. 2009, Cleavitt et al. 2011).  Understanding the 
impacts of any one of these stressors requires knowledge of potential survival 
mechanisms in small seedlings. 
Tree seedling survival and growth depend in part on maintaining a 
positive net carbon balance through adequate carbon assimilation and its 
allocation to growth, defense, storage, and metabolic maintenance.  Many tree 
seedlings start their lives in the shaded forest understory, where plants operate 
closer to their whole plant compensation points (net zero carbon assimilation) 
than those in high light environments.  Various processes could move seedlings 
below their whole plant compensation points, including reduced leaf area due to 
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herbivory or physical damage (Augspurger 1983, 1984, Augspurger and Kelly 
1984, Clark and Clark 1984, Boerner and Brinkman 1996, Canham et al. 1999, 
Myers and Kitajima 2007), reduced photosynthetic rates and increased respiration 
rates due to drought (Chaves et al. 2003, Breda et al. 2006, Niinemets and 
Valladares 2006, Niinemets 2010, McDowell et al. 2011a), or reduced 
photosynthesis relative to respiration under changing light conditions (e.g. spring 
canopy closure, prolonged cloudy periods).  Seedlings that maintain an overall 
positive carbon status may persist longer in the forest understory. 
In a warmer world, elevated temperature may be an additional stressor 
with the potential to move small seedlings below their compensation points.  
Survival in low light depends on maintaining low dark respiration rates (Rd; 
Walters and Reich 1999, Lusk and Reich 2000, Reich et al. 2003) and high stored 
carbon reserves to fuel plant metabolism during periods of net negative carbon 
gain (Kitajima 1994, Kobe 1997, Canham et al. 1999, Myers and Kitajima 2007).  
Both of these may be altered under elevated temperature conditions.  Maintenance 
respiration costs often increase with increasing temperatures (Reich et al. 1998, 
Tjoelker et al. 1999a, 1999b, 2001; Sigurdsson 2001, Atkin and Tjoelker 2003, 
Lee et al. 2005) and plants generally have higher daily whole plant respiration: 
photosynthesis ratios under elevated temperature (Larigauderie and Körner 1995, 
Loveys et al. 2002, Atkin et al. 2007, but see Ciais et al. 2005).  Elevated 
temperature may increase plant reliance on non-structural carbohydrate reserves 
(NSC) reserves, particularly for those persisting in low light environments.  In 
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sum, elevated temperatures associated with climate change may increase 
respiratory carbon losses in understory seedlings and reduce non-structural 
carbohydrate reserves (NSC), altering seasonal carbon balance.  The ultimate 
consequence may be reduced survival and lowered rates of seedling and sapling 
recruitment, especially in closed canopy forests. 
I investigated the effects of temperature on young seedling growth, 
respiration rates and carbohydrate reserves.  I also investigated respiratory down-
regulation, NSC reserve use, and survival when seedlings are below whole-plant 
light compensation points, in this case achieved using a shading treatment.  I 
hypothesized that elevated growth temperatures would reduce allocation to NSC 
reserves in all species but that shade-tolerant species would have higher allocation 
to NSC reserves than intolerant species, regardless of temperature treatment.  I 
predicted that species with higher initial NSC reserves would live longer in low 
light, and all seedlings would down-regulate dark respiration in response to 
shading. Finally, I hypothesized that seedlings in the warmer environment would 
die sooner after shading, despite respiratory down-regulation, due to lower initial 
NSC concentrations and faster reserve use. 
Materials and methods 
Study species, growing conditions and experimental design 
I studied six North American temperate and boreal tree species differing in 
leaf habit and shade and drought tolerance (Abies balsamea, Acer saccharum, 
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Pinus strobus, Quercus macrocarpa, Pinus banksiana and Populus 
grandidentata; Table 1).  Seed was collected within the local seed zone, from 
unimproved trees in central Minnesota by the Minnesota Department of Natural 
Resources, Badoura Nursery (Akeley, MN).  In 2007, I stratified seeds for 45 
days, and then planted them in plastic pots filled with potting soil in two 
glasshouses at the University of Minnesota (UMN), St. Paul, Minnesota, USA 
(44° 59′ N, 93° 11′ W).  Each of two glasshouses was maintained at one of two 
temperature environments (25°C day/19°C night or 30°C day/24°C night).  I 
fertilized seedlings monthly (10-20-10 fertilizer, University of Minnesota Plant 
Growth Facilities), and after germination, we thinned seedlings to one per pot (n = 
150 per species per temperature) and watered them daily to maintain adequate 
moisture.  Glasshouse lamps and ambient radiation combined to deliver light for 
16 hours per day (mean daily PFD = 10.01 ± 0.59 mol m2 d-1), with an 8-hour 
dark period. After four months, all seedlings were subjected to one of two shade 
treatments (0.5% (mean daily PFD = 0.50 ± 0.03 mol m2 d-1) or 1% (mean daily 
PFD = 1.001 ± 0.059 mol m2 d-1) within each temperature environment by 
layering neutral-density shade cloth.  I measured light levels using an Accupar 
LP-80 (Decagon Devices, Inc., Pullman, WA, USA). 
This study was a split-plot design wherein each of the two glasshouses 
represented whole plots.  Whole plots were temperature environments of either 
25°C day/19°C night or 30°C day/24°C night, partitioned into four sub-plots.  
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Sub-plots were assigned to a shade treatment, 1% (n=2) or 0.5% (n=2) daily PFD.  
Seventy-five individual seedlings of each species were grown in each temperature 
× shade treatment over 20 weeks.  I rotated seedlings weekly among sub-plots 
within whole plots to homogenize growing conditions.  Likewise, I rotated whole 
plots, including temperature treatments, and their corresponding sub-plots bi-
weekly between glasshouses yielding four subplot replicates. 
Gas exchange measurements 
Prior to applying the shade treatments, I measured dark respiration on 20 
individuals of each species in both temperature environments to establish baseline 
rates.  I measured gas exchange using an infrared gas analyzer in an open system 
configuration (LI-6400X portable gas exchange system, Li-COR Biosciences, 
Inc., Lincoln, NE, USA).  I measured broad-leaved species’ gas exchange using a 
standard leaf chamber and conifer gas exchange using the 6400-05 conifer 
chamber.  I conducted all measurements at ambient temperature (19°C or 24°C) 
and maintained CO2 concentrations at 360 µmol mol
-1 m-2 s-1.  To estimate 
gymnosperm leaf area in the chamber, I harvested material in the chamber, dried 
and weighed it.  I then estimated leaf area in the chamber by multiplying specific 
leaf area (SLA) by leaf biomass in the chamber.  I calculated specific leaf area 
(SLA) for a subsample of needles.  I scanned fresh leaves of the subsample on a 
flatbed scanner, dried and weighed the material.  I estimated needle area from 
scans using ImageJ software (Softonic).  I did not quantify stem respiration for 
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gymnosperms separately due to small seedling size.  However, stem biomass in 
the chamber was minimal (< 1cm long, < 1mm diameter) and similar among 
species and across measurements.  After applying the shade treatments, I 
measured leaf Rd bi-weekly between 11 pm and 4 am on 10 living individuals of 
each species, in each temperature × light treatment.  Due to high mortality in 
some treatments, I could not always harvest the individual on which I measured 
dark respiration.  For those individuals we could not harvest, I used species-
specific regression analyses to estimate leaf mass and area at the week of 
measurement (25°C day/19°C night: Abies balsamea R2 = 0.52, Pinus strobus R2= 
0.76, Pinus banksiana R2= 0.56; 30°C day/24°C night: A. balsamea R2 = 0.65, P. 
strobus R2= 0.72, P. banksiana R2= 0.53) (Appendix A).  Thus, where necessary, 
mean respiration rates were based on both actual and estimated leaf areas. 
Survival, growth and sequential harvests 
Before applying the shade treatments, I harvested 10 individuals per 
species in each temperature environment to characterize pre-shade structural 
biomass and NSC tissue pools and concentrations in stems and roots.  Following 
shading, I recorded survival weekly and harvested all dead and up to five living 
seedlings of each species for tissue analysis bi-weekly in each temperature × 
shade treatment.  I measured seedling height, stem diameter and leaf area on all 
harvested individuals (before and after shading).  I measured stem diameter 5 cm 
above the soil surface using handheld calipers.  Diameter was measured directly 
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below the crown on seedlings < 5 cm tall (i.e. A. balsamea).  I measured seedling 
height as the length from the soil surface to the leader tip.  I separated harvested 
seedlings into leaves, stems and roots.  Roots were removed, soaked and gently 
rinsed in deionized water prior to drying.  I oven-dried samples at 100°C for one 
hour to minimize respiration, then at 70°C for 72 hours, after which we obtained 
the dry weight of each biomass component. 
NSC analyses 
I aggregated individual seedling tissue samples by tissue type (i.e. stems 
and roots from seedlings harvested alive) for each species, by treatment and 
harvest date.  Aggregated tissue samples were ground into a fine powder with a 
ball mill prior to NSC analyses. I quantified NSC concentrations (mg NSC per mg 
dry biomass) and total pool sizes (NSC concentration x biomass) using a 
modification of Roper et al. (1988) and Marquis et al. (1997).  I extracted soluble 
sugars from the plant tissues and conducted starch analysis on the extraction 
residues.  Three replicates of approximately 20 mg of each aggregated tissue 
sample was extracted three times at 75°C using 2 ml of 80% ethanol and then 
centrifuged at 1900 g for 5 minutes.  Supernatants were collected and diluted with 
6 ml of deionized water.  The concentration of soluble sugars (i.e., glucose 
equivalents) in extractants was measured at 490 nm with a visible 
spectrophotometer (Unico Spectrophotometer 1200, Cole-Parmer, Vernon Hills, 
IL, USA) using a phenol-sulfuric acid colorimetric assay (Dubois et al., 1956).  
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The pellet remaining after ethanol extraction was dried and gelatinized by 
autoclaving at 125°C for 10 minutes along with 2 ml of 0.1 M sodium acetate 
buffer, pH 5.0.  After cooling, samples were incubated with ~60 units of 
amyloglucosidase from Aspergillus niger (Sigma-Aldrich, St. Louis, MO) at 55°C 
for 3 hours.  I analyzed the extractant colorimetrically for starch using a glucose-
specific trinder reagent and measured absorbance at 505 nm with the visible 
spectrophotometer.  NSC concentrations (mg mg−1 dry mass) for aggregated 
tissue samples were calculated as the sum of glucose equivalent measures for 
soluble sugars and starch.  I calculated NSC concentrations for stems (NSCstem) 
and roots (NSCroot) only since over the course of the experiment not all 
individuals had leaves. Weighted whole-plant NSC concentrations (NSCwp) were 
calculated as: NSCwp = (NSCstem × SMR) + (NSCroot × RMR), where SMR and 
RMR are stem mass ratio and root mass ratio.  I calculated NSC pool sizes by 
component as (NSC concentration × biomass), and structural biomass by 
subtracting NSC pool sizes of stems and roots from total seedling biomass. 
Data analyses 
I tested the effects of temperature environment, species and their 
interactions on structural biomass, non-structural biomass and dark respiration 
prior to and after shading using ANOVA.  I used Student’s t-test to test for 
treatment differences within species.  I used a Cox proportional hazards model to 
test for effects of temperature environment, shade treatment and their interactions 
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on seedling survival by species.  I used the Kaplan-Meier estimator to produce 
survival curves for each species by treatment combination and the log-rank test to 
test for differences between survival curves.  Seedlings harvested alive and those 
that survived until the final survival census were right-censored.  Species 
performed similarly among light environments after shading, so we aggregated 
response data across light treatments for post-shade analyses.  I used Pearson’s 
correlation to describe species’ relationships between physiological traits and 
stress, using my measured physiological responses and species tolerance traits 
(see Table 1).  I used JMP version 10.0 (SAS Institute, Cary, NC, USA) for all 
statistical analyses. 
Results 
Temperature effects on initial dark respiration rates, seedling structural biomass, 
NSC concentrations and NSC pools 
Initial structural biomass, leaf, stem and root mass ratios, whole-plant 
(stem + root) NSC concentrations (NSCwp%), NSC pools (mg), leaf Rd varied 
significantly among species and temperature treatments and there were often 
temperature × species interactions (Table 2). In general, seedlings had more 
structural biomass in 25°C than 30°C (Fig. 1). Response of NSCwp% to 
temperature varied among species with some showing similar, others lower and 
one showing higher concentrations in 25°C compared to 30°C (Fig. 2). NSCwp 
pools tracked structural biomass and generally were higher in the cooler 
environment (Fig. 3).  Species differed in the directional response of initial leaf Rd 
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to temperature (Table 2, Fig. 4).  Leaf Rd was significantly higher in 25°C for P. 
strobus, P. banksiana and P. grandidentata, whereas A. saccharum and Q. 
macrocarpa had higher leaf Rd in 30°C.  Leaf Rd did not differ significantly 
between temperatures for A. balsamea (Fig. 4). 
Leaf Rd, structural and non-structural biomass, and survival patterns following 
shading 
Most species down-regulated leaf Rd in response to shading, and generally 
to a greater degree in 25°C than in 30°C (Fig. 5).  In 25°C, all species except A. 
saccharum had down-regulated leaf Rd six weeks after shading, although the 
degree of decline differed among species (Fig. 5).  In 30°C, A. saccharum and P. 
grandidentata dropped their leaves following shading preventing leaf 
measurements thereafter.  After shading, structural biomass declined slightly 
through time in all species, primarily due to root mass loss.  Species, temperature 
environment and their interaction were all significant factors explaining 
differences in NSC concentrations and pools in stems and roots following transfer 
to deep shade (Table 5).  Within species, NSC concentrations (Fig. 6) and pools 
(Fig. 7) both declined in stems and roots following shading; NSC pool reductions 
were generally greater in 25°C than in 30°C.  Greatest reductions occurred in the 
first two weeks of shading. Seedling survival after shading differed significantly 
among species and between temperature treatments (Table 4).  Species sub-
models indicated that all species except Q. macrocarpa, in which only three 
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individuals died, survived significantly longer in the cooler temperature 
environment (Fig. 8).  
Discussion  
Small seedlings are generally more vulnerable to abiotic stress, including 
light, nutrient and water limitation and are less resilient to physical damage 
(Augspurger and Kitajima 1992, Kitajima 2002, Ricard et al. 2003, Myers and 
Kitajima 2007).  It follows that seedlings in the recruitment stage (i.e. propagules 
surviving without maternal resources; Ribbens et al. 1994) may be especially 
vulnerable to elevated temperature (Körner 2003, Shevtsova et al. 2009).  My 
work suggests that sustained elevated temperatures associated with climate 
warming may reduce recruitment by increasing seedling vulnerability to low light 
stress.  I provide experimental evidence that growth temperature leads to 
differences in structural and non-structural biomass, and differences in seedling 
survival in low light.  In my study, tree seedlings accrued less biomass (Fig. 1), 
had smaller NSC pools (Fig. 3) and died more quickly when subjected to low 
light stress (Fig. 7) in the elevated growth temperature.  
Respiratory down-regulation in low light 
Plants may shift respiratory costs from growth to maintenance respiration 
when moved from high to low light (Chapin et al. 1990, Lambers et al. 1998, 
Noguchi et al. 2001. However, reduced Rd does not necessarily accompany shade-
induced photosynthetic down-regulation (Whitehead et al. 2004, Atkinson et al. 
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2006, Hartley et al. 2006). Plants also commonly acclimate their respiratory rates 
to changing thermal environments (Sigurdsson 2001, Tjoelker et al. 2001, Lee et 
al. 2005), but the light level in my shade treatment precluded new tissue growth, 
and thus complete respiratory acclimation (Atkin and Tjoelker 2003, Wythers et 
al. 2005).  My data suggest that seedlings transferred from high to low light 
conserved carbon by down-regulating respiration; they did so in both temperature 
environments.  Six weeks after being moved to deep shade, all but one of my 
species had lowered dark respiration rates (Table 3, Fig. 5).  I expected that plants 
in the cooler temperature would reduce maintenance respiration to a greater 
degree than those in the elevated temperature because prior studies have shown 
that plants grown at elevated temperature have reduced acclimation potential 
(Atkin et al. 2005, Silim et al. 2010) and higher overall maintenance respiration 
costs (van Iersel 2006).  My data partially support this (Fig. 5, Table 3); Q. 
macrocarpa and A. balsamea reached similar Rd rates, regardless of growth 
temperature and P. banksiana rates remained higher in the cooler temperature 
environment.  Only P. strobus showed relatively lower respiratory acclimation in 
elevated temperature. 
Shade tolerance may also impact respiratory down regulation in low light 
conditions.  Previous evidence suggests that shade tolerant species more 
effectively down-regulate their respiratory metabolism than less tolerant species 
(Lusk and Reich 2000).  My data do not strongly support this idea.  Both before 
(Fig. 4) and after shading (Fig. 5), my species failed to show clear patterns 
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between down regulation of dark respiration rates and shade tolerance levels.  
Instead species varied widely in their respiratory acclimation when transferred to 
very low light in ways that were independent of their shade tolerance.  Lack of 
correlation between acclimation and shade tolerance may be simply due to a small 
number of species.  Alternately, my seedlings were new germinants and thus very 
small.  It may be that such small, young seedlings have limited acclimation 
potential, in general. 
Low light and elevated temperature combined to reduce tree seedling shade 
tolerance 
I argue that shade tolerance is a plastic trait influenced by environmental 
factors such as temperature.  Put most simply, shade tolerance is the ability to 
survive in low light conditions.  Many plant functional traits promote conservative 
carbon use (e.g. low respiration rates, long leaf lifespan) and are associated with 
enhanced low-light survival (Chapin et al. 1990, Kitajima 1994, Kobe et al. 1995, 
Kobe 1997, Walters and Reich 1999, Kaelke et al. 2001, Sánchez-Gómez et al. 
2006, Myers and Kitajima 2007, Poorter and Kitajima 2007).  However, 
environmental influences (e.g. drought, nutrient availability) also affect seedling 
shade tolerance and contribute to survival differences among individuals within 
species (Jose et al. 2003, Knox and Clarke 2005, Newberry 2010, Niinemets 
2010).  In my study, under very low light, I observed both higher and more rapid 
mortality in elevated temperature for most species.  In the elevated temperature, 
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five of our six species showed complete mortality eight weeks after shading, 
while most species survived significantly longer in the cooler environment (Fig. 
8).  My results suggest that elevated temperature associated with climate warming 
could reduce seedling shade tolerance. 
Tree seedling survival mechanisms under multiple environmental stress factors 
My data suggest that seedlings extend survival in low light conditions by 
using reserve NSCs and down-regulating dark respiration (Figs 5 and 7).  When 
below their whole plant compensation points (i.e. after shading), plant NSC pools 
and concentrations declined significantly in most species, suggesting that NSC 
reserves provided the substrate for respiratory metabolism (Figs 6 and 7).  My 
results support previous work showing that NSC reserves support resting 
metabolism and survival under adverse growth conditions (Kobe 1997, Wyka 
1999, 2000; Landhäusser et al. 2001, Myers and Kitajima 2007, Noda et al. 2007, 
Poorter and Kitajima 2007).  
In my experiment, some species achieved lower dark respiration rates in 
the cooler temperature environment following shading, which may have 
contributed to longer survival times.  For example, A. balsamea down-regulated 
its Rd more in the cooler temperature regime, and survived nearly twice as long 
therein.  Similarly, P. strobus down-regulated its Rd significantly in 25°C, but 
maintained stable rates through time in 30°C, and survived significantly longer in 
the cooler environment.  Q. macrocarpa reduced its Rd to a lower level in 
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elevated temperature, but survived equally well in both temperature 
environments.  P. banksiana lowered Rd rates further and to a lower rate in 30°C;   
but seedlings survived less than half as long as those in 25°C (Fig. 8).  Seedlings 
may have survived longer with the stress of low light at elevated temperatures if 
elevated growth temperature had not resulted in lower initial NSC reserve pools 
(Fig. 3).  
Previous work has shown NSC reserves are positively related to survival 
(Kitajima 1994, Kobe 1997, Myers and Kitajima 2007).  My data only partially 
support this idea. While the dual stress of elevated temperature and low light 
combined to reduce survival in five of six species (Fig. 8), those with the highest 
initial reserves (A. saccharum and Q. macrocarpa; Fig. 3) also had highest 
survival six weeks following shading.  Q. macrocarpa persisted equally well in 
both temperatures through the low light treatment, and was likely buffered by its 
large overall size and reserves.  However, significantly higher initial NSC 
reserves in P. grandidentata and P. banksiana relative to P. strobus and A. 
balsamea did not extend survival after shading (Figs 3 and 8).  Within species, 
higher NSC reserves may have provided more respiratory substrate, ameliorating 
the stress of low light, and extending survival in the cooler temperature.  In my 
study, species NSC pools generally converged six weeks after shading (i.e. A. 
balsamea, P. strobus, P. banksiana; Fig. 7), but individuals survived significantly 
longer in the cooler environment (Fig. 8).  NSC reserve convergence across 
species suggests that there may be a minimum level below which stored reserves 
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become inaccessible (Adams et al. 2009, McDowell et al. 2011a) due to other 
physiological limitations such as hydraulic failure.  Overall, NSC reserves likely 
support survival under environmental stress, but are one of many potential 
survival strategies in poor growth conditions.   
Caveats 
Glasshouse experiments cannot fully mimic field conditions.  In natural 
settings, elevated temperature may also increase drought; drought during warming 
increases mortality, in part through limiting carbon reserve remobilization 
(Adams et al. 2013, Hartmann et al. 2013) particularly when carbon assimilation 
declines, but respiratory carbon demands remain stable (McDowell et al. 2011) or 
increase (Adams et al. 2009).  Previous studies found that warming effects were 
alleviated when accompanied by increased water availability, which may co-occur 
with warming in some areas.  I eliminated drought stress by keeping plants well 
watered, providing support for the idea that temperature alone may influence 
stress resilience and, ultimately, recruitment.  In a natural forest setting, seedling 
mortality may be more rapid than I observed since elevated temperatures may also 
decrease soil moisture availability.  My results may also be somewhat confounded 
by the lack of diurnal temperature fluctuations.  Temperature was held constant 
(excluding transitions between day and nighttime temperatures); thus, temperature 
stress may have been greater than would occur in a natural setting. 
   
22 
 
Conclusions 
Warming associated with climate change is predicted to be greatest at high 
latitudes. Current relationships between species’ distributions and climate indicate 
that high latitude species’ ranges might be altered considerably by projected 
warming (Iverson and Prasad 1998, 2002).  My study suggests that seedling 
recruitment in some species may be more limited when the stresses of growing in 
the forest understory are combined with elevated temperature.  Additionally, this 
study supports the hypothesis that stored carbon reserves enhance survival in 
stressful environmental conditions.  Further, I provide evidence that elevated 
temperature yielded seedlings lower in biomass and NSC reserves, but with 
higher dark respiration rates, together reducing the shade tolerance and survival in 
tree seedlings under low-light stress.  I provide evidence that in elevated 
temperature regimes, smaller seedlings with lower overall reserves may be at a 
competitive disadvantage in recovering from environmental stressors like low 
light, and suggest that seedlings persisting in the dark forest understory may be 
particularly sensitive to elevated temperature associated with climate change.  
These data may be used to better predict species’ mechanistic responses to a 
warming climate and regeneration dynamics; this may inform and enhance 
models that predict species’ range shifts primarily as a function of potential 
habitat suitability under a changing climate regime. 
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Table 1. Life-history characteristics of the study species. Tolerance values (range = 0-5) are from Niinemets and Valladares (2006). 
Higher values indicate higher tolerance. 
 
Tree species Species Code Biome Leaf habit Shade tolerance 
Abies balsamea AB Boreal Evergreen gymnosperm 5.01 ± 0.09 
Acer saccharum AS Temperate Winter deciduous angiosperm 4.76 ± 0.01 
Pinus strobus PS Temperate Evergreen gymnosperm 3.21 ± 0.2 
Quercus macrocarpa QM Temperate Winter deciduous angiosperm 2.71 ± 0.27 
Pinus banksiana PB Boreal Evergreen gymnosperm 1.36 ± 0.33 
Populus grandidentata PG Boreal Winter deciduous angiosperm 1.21 ± 0.27 
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Table 2. ANOVA results for models examining the effects of temperature on seedling structural biomass (g), whole plant non-
structural carbohydrate concentration (NSCwp %), whole plant non-structural carbohydrate pools (mg) and leaf dark respiration rates 
(Rd) of four month old seedlings of six tree species (Abies balsamea, Acer saccharum, Pinus strobus, Quercus macrocarpa, Pinus 
banksiana and Populus grandidentata) grown in two temperature environments (25°C day/19°C night or 30°C day/24°C night) in 
glasshouses in St. Paul, MN USA. Significant effects are denoted as ** when P ≤0.05 and * when P ≤0.1. 
 
Response variable   R2 df F P 
Structural biomass (g) Full Model 0.91 111 92.91 <0.0001** 
 Temperature  1 4.72 0.009** 
 Species  5 199.01 <0.0001** 
 Temperature x Species  5 8.8 <0.0001** 
NSCwp concentration (%) Full Model 0.97 111 306 <0.0001** 
 Temperature  1 430.41 0.0085** 
 Species  5 355.98 <0.0001** 
 Temperature x Species  5 213.97 <0.0001** 
NSCwp pools (mg) Full Model 0.93 111 116.6 <0.0001** 
 Temperature  1 22.23 <0.0001** 
 Species  5 232.12 <0.0001** 
 Temperature x Species  5 18.43 <0.0001** 
Rd (mmol m
-1 s-1) Full Model 0.43 11 8.6932 <0.0001** 
 Temperature  1 1.9 0.4 
 Species  5 14.16 <0.0001** 
 Temperature x Species  5 3.87 0.008** 
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Stem mass ratio Full Model 0.64 11 15.8 <0.0001** 
 Temperature  1 6.9542   0.0097** 
 Species  5 30.5225 <0.0001** 
 Temperature x Species  5 2.7038  0.0247** 
Leaf mass ratio Full Model 0.65 11 16.8 <0.0001** 
 Temperature  1 6.9542  0.0097** 
 Species  5 30.5225 <0.0001** 
 Temperature x Species  5 2.7038  0.0247** 
Root mass ratio Full Model 0.69 11 19.9 <0.0001** 
 Temperature  1 24.4962 <0.0001** 
 Species  5 33.3741 <0.0001** 
  Temperature x Species   5 4.9924  0.0004** 
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Table 3: Percent change in leaf dark respiration rates (Rd) following transfer to deep shade in seedlings of six tree species grown in 
two temperature environments (25°C day/19°C night or 30°C day/24°C night) in a glasshouse in St. Paul, MN, USA.  Light levels in 
the deep shade treatment were below seedling whole plant light compensation points (>1% full sun, mean daily PFD = 0.50 ± 0.03 
mol m2 d-1 - 1.001 ± 0.059 mol m2 d-1).  Negative numbers indicate reduced Rd; positive numbers indicate increased Rd. Double dashes 
indicate no data due to leaf drop. 
 
 25oC day/ 19oC night 30oC day/ 24oC night 
Species 
Two weeks after 
shading 
Six weeks after 
shading 
Two weeks after 
shading 
Four weeks after 
shading 
Abies balsamea -41% -53% -7% -35% 
Acer saccharum +111% +157% -- -- 
Pinus strobus -75% -77% 2% 2% 
Quercus macrocarpa -29% 0.94% -67% -53% 
Pinus banksiana +27% -42% -26% -15% 
Populus grandidentata -61% -67% -- -- 
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Table 4: Proportional hazards full model and species-specific sub-model results examining seedling survival in six tree species 
following transfer to deep shade.  Seedlings were grown in two temperature environments (25°C day/19°C night or 30°C day/24°C 
night) in glasshouses in St. Paul, MN, USA.  Light levels in the shade treatments were below seedling whole plant light compensation 
points (>1% full sun, mean daily PFD = 0.50 ± 0.03 mol m2 d-1 - 1.001 ± 0.059 mol m2 d-1).  Significant effects are denoted as ** when 
P ≤0.05 and * when P ≤0.1. 
 
Model Predictor df X2 P 
Full  11 1435.3 <0.0001** 
 Temperature 1 55.1 <0.0001** 
 Species 5 753.7 <0.0001** 
 Temperature x Species 5 76.1 <0.0001** 
     
Abies balsamea Temperature 1 216.3 <0.0001** 
Acer saccharum Temperature 1 201.3 <0.0001** 
Pinus strobus Temperature 1 251.5 <0.0001** 
Quercus macrocarpa Temperature 1 0.8    0.3721 
Pinus banksiana Temperature 1 240.8 <0.0001** 
Populus grandidentata Temperature 1 115.2 <0.0001** 
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Table 5: ANOVA full and species-specific sub-model results examining NSCstem + root concentrations (%) and NSCstem + root pools in six 
tree species following transfer to deep shade.  Seedlings were grown in two temperature environments (25°C day/19°C night or 30°C 
day/24°C night) in glasshouses in St. Paul, MN, USA.  Light levels in the shade treatments were below seedling whole plant light 
compensation points (>1% full sun, mean daily PFD = 0.50 ± 0.03 mol m2 d-1 - 1.001 ± 0.059 mol m2 d-1). Significant effects are 
denoted as ** when P ≤0.05 and * when P ≤0.1. 
  NSCSTEM+ROOT Pools NSCSTEM+ROOT % 
  R2 df F P R2 df F P 
Full Model 0.75 23 111 <0.0001** 0.72 23 96.4 <0.0001** 
   Temperature (T °C)   1 14.5   0.0001**   1 1.4      0.234 
   Species   5 311.3 <0.0001**   5 230.1 <0.0001** 
   T °C * Species   5 10.5 <0.0001**   5 4.9   0.0002** 
   Week after shading   1 1.4    0.240   1 1      0.312 
   T °C * Week after shading   1 0.1    0.725   1 1.2      0.278 
   Species * Week after shading   5 2 0.070*   5 2.4  0.036** 
   T °C * Species* Week after shading   5 0.2    0.977   5 3.1  0.008** 
         
Abies balsamea ONLY 0.14 3 10.2 <0.0001** 0.06 3 4.5  0.005** 
   T °C   1 4.3  0.039**   1 5.5  0.020** 
   Week after shading   1 28.9 <0.0001**   1 1.5     0.223 
   T °C * Week after shading   1 0.9    0.337   1 0.2      0.663 
         
Acer saccharum ONLY 0.34 3 31.6 <0.0001** 0.03 3 1.3       0.28 
   T °C   1 31.6 <0.0001**   1 1.4 0.2314 
   Week after shading   1 0.3    0.596   1 0.1 0.8109 
   T °C * Week after shading   1 0    0.978   1 1.5 0.2257 
         
Pinus strobus ONLY 0.09 3 5.8 0.001** 0.16 3 11.5 0.003** 
   T °C   1 0   0.846   1 6.8 0.010** 
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   Week after shading   1 5   0.026**   1 0.3      0.572 
   T °C * Week after shading   1 6.1   0.015**   1 3      0.086* 
         
Quercus macrocarpa ONLY 0.11 3 4   0.009* 0.17 3 6.9 0.0003** 
   T °C   1 8 0.006**   1 2     0.161 
   Week after shading   1 2.2   0.138   1 14.8 0.0002** 
   T °C * Week after shading   1 0.2   0.678   1 0     0.917 
         
Pinus banksiana ONLY 0.08 3 4.1 0.008** 0.12 3 6.8 0.0002** 
   T °C   1 5.2 0.024**   1 1.5     0.219 
   Week after shading   1 9.3 0.003**   1 0.4     0.544 
   T °C * Week after shading   1 3.3   0.073*   1 16.7 <0.0001** 
         
Populus grandidentata ONLY 0.06 3 211 0.105 0.17 3 6.5 0.001** 
   T °C   1 1.9 0.173   1 12.2 0.001** 
   Week after shading   1 1.4 0.240   1 0.4      0.521 
   T °C * Week after shading   1 0.5 0.482   1 0.6      0.424 
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Figure 1. Mean whole plant structural biomass (g) of four month old seedlings of six tree species (AB: Abies balsamea, AS: Acer 
saccharum, PS: Pinus strobus, QM: Quercus macrocarpa, PB: Pinus banksiana, PG: Populus grandidentata) growing in two 
temperature environments (25°C day/19°C night or 30°C day/24°C night; mean daily PFD = 10.01 ± 0.59 mol m2 d-1) in glasshouses 
in St. Paul, MN, USA. Note separate y-axis for Q. macrocarpa. Error bars are standard errors. 
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Figure 2. Mean whole plant non-structural carbohydrate concentrations (%) of four month old seedlings of six tree species (AB: Abies 
balsamea, AS: Acer saccharum, PS: Pinus strobus, QM: Quercus macrocarpa, PB: Pinus banksiana, PG: Populus grandidentata) 
growing in two temperature environments (25°C day/19°C night or 30°C day/24°C night; mean daily PFD = 10.01 ± 0.59 mol m2 d-1) 
in glasshouses in St. Paul, MN, USA. Error bars are standard errors. 
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Figure 3. Mean whole plant (stem + root) non-structural carbohydrate pools (mg) of four month old seedlings of six tree species (AB: 
Abies balsamea, AS: Acer saccharum, PS: Pinus strobus, QM: Quercus macrocarpa, PB: Pinus banksiana, PG: Populus 
grandidentata) growing in two temperature environments (25°C day/19°C night or 30°C day/24°C night) in glasshouses in St. Paul, 
MN, USA. Note separate y-axis for Q. macrocarpa. Error bars are standard errors. 
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Figure 4. Mean leaf dark respiration (Rd) in seedlings of six tree species (AB: Abies balsamea, 
AS: Acer saccharum, PS: Pinus strobus, QM: Quercus macrocarpa, PB: Pinus banksiana, PG: 
Populus grandidentata) growing in two temperature environments (25°C day/19°C night or 
30°C day/24°C night; mean daily PFD = 10.01 ± 0.59 mol m2 d-1) in glasshouses in St. Paul, 
MN, USA. 
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Figure 5. Mean leaf dark respiration (Rd) in seedlings of six tree species grown in two temperature environments (25°C day/19°C 
night or 30°C day/24°C night) in a glasshouse in St. Paul, MN, USA.  The figure shows Rd prior to and up to 6 weeks following 
transfer to deep shade.  Light levels in shade treatments were below whole plant light compensation points (>1% full sun, mean daily 
PFD = 0.50 ± 0.03 mol m2 d-1 - 1.001 ± 0.059 mol m2 d-1).  Species lacking measurements after shading had dropped their leaves, 
preventing further measurements. 
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Figure 6. Mean non-structural carbohydrate (NSCstem + root) concentrations (%) over eight weeks in seedlings of six species grown in 
two temperature environments (25°C day/19°C night or 30°C day/24°C night) and transferred into experimental shading treatments 
below whole plant light compensation points (< 1% light, mean daily PFD = 0.50 ± 0.03 mol m2 d-1 - 1.001 ± 0.059 mol m2 d-1). The 
experiment was conducted in glasshouses in St. Paul, MN, USA. 
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Figure 7. Mean non-structural carbohydrate (NSCstem + root) pools (mg) over eight weeks in seedlings of six species grown in two 
temperature environments (25°C day/19°C night or 30°C day/24°C night) and transferred into experimental shading treatments below 
whole plant light compensation points (< 1% light, mean daily PFD = 0.50 ± 0.03 mol m2 d-1 - 1.001 ± 0.059 mol m2 d-1). The 
experiment was conducted in glasshouses in St. Paul, MN, USA.  
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Figure 8. Seedling survival (in weeks) of six tree species after experimental shading below whole 
plant light compensation points >1% light, mean daily PFD = 0.50 ± 0.03 mol m2 d-1 - 1.001 ± 
0.059 mol m2 d-1 in two temperature environments (25°C day/19°C night or 30°C day/24°C 
night) in glasshouses in St. Paul, MN, USA. 
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Chapter 2: Allocation and seasonal dynamics of non-structural carbon in three tree species 
across a light gradient 
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Chapter Summary 
Non-structural carbohydrates are an important means by which plants respond to environmental 
stress and promote survival.  However, few studies have addressed NSC reserve patterns in 
above- and belowground parts simultaneously and we lack broad baseline information about 
seasonal NSC fluctuations in tree seedlings.  Further, we know relatively little about how climate 
and resource availability (e.g. light, water) interact to produce temporal differences in NSC 
reserves, how those differences affect survival, and how climate warming may influence these 
processes, and thus, forest composition.  Previous research suggests that allocation to NSC 
reserves is a consequence of the interacting effects of resource availability, life history traits and 
phenological events.  I examine the seasonal patterns and dynamics of NSC reserves in three tree 
species that vary in shade tolerance (Acer saccharum, Quercus macrocarpa, Populus 
tremuloides) across a light gradient (5%, 10%, 30% and 60% canopy openness) in an ~80 year 
old aspen-birch-fir forest at Cloquet Forestry Center (CFC), Cloquet, Minnesota, USA (46°31' N, 
92°30' W; 4.5°C mean annual temperature (MAT), mean annual precipitation (MAP) 807 mm).  
I completed destructive harvests of tree seedlings growing in each light environment at seven 
times during 2008-2010 corresponding to three phenological stages to investigate seasonal NSC 
patterns.  I provide evidence that patterns of NSC reserve use and accumulation vary across 
species, within species across a light gradient, seasonally in conjunction with growth phenology 
and are highly variable from year to year.  Within species, my results suggest that seedlings, 
accumulate higher reserves when growth is limited by low light availability (all species), by high 
light stress (A. saccharum and Q. macrocarpa) or when light is sufficient to result in both growth 
and reserve accumulation (P. tremuloides), but that these patterns vary from year to year.  Due to 
significant interannual variability in these patterns, my results suggest using caution in drawing 
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broad conclusions from short studies, and call for additional long-term studies to better 
characterize NSC reserve patterns over time.  
Introduction 
Non-structural carbohydrate reserves (NSC) are widely recognized as a plant survival 
mechanism critical to enduring and responding to abiotic stress or disturbance.  Plants ensure 
perennial survival in part by storing NSCs in above- and belowground parts.  These stored 
carbohydrates are mobilized for reproduction (Marquis et al. 1997), growth, metabolic 
maintenance, leaf expansion (Tissue and Wright 1995) and during periods of negative carbon 
balance (Gleason and Ares 2004, Kagawa et al. 2006, Keel et al. 2007; Carbone and Trumbore 
2007, Poorter and Kitajima 2007, Richardson et al. 2012).  Low NSC reserves may reduce a 
plant’s ability to support these critical processes (Kobe et al. 1995, Poorter and Kitajima 2007, 
Richardson et al. 2013), particularly in small seedlings with relatively low leaf area, biomass and 
thus, reserves.  NSC storage and allocation strategies vary within and among species, and vary 
temporally in conjunction with growth phenology (Canham et al. 1999, Augspurger et al. 2005, 
Richardson et al 2013), abiotic resource availability (Kabeya and Sakai 2003) and disturbance 
events (Kruger and Reich 1997, deGroot and Wein 2004).  Taken together, research suggests that 
allocation to NSC reserves is a consequence of the interacting effects of resource availability, life 
history traits and phenological events.  However, few studies have addressed NSC reserve 
patterns in above- and belowground parts simultaneously and we lack broad baseline information 
about seasonal NSC fluctuations in tree species, particularly seedlings (but see Richardson et al. 
2012).  Further, we know relatively little about how climate (particularly temperature) and 
resource availability (e.g. light, water) interact to produce temporal differences in NSC reserves, 
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how those differences affect survival and forest composition.Light environment effects on non-
structural carbohydrate reserves 
Light environment likely plays an important role in plant carbohydrate storage patterns 
(Chapin et al. 1990) both within and among species; however, previous studies comparing NSC 
reserve levels across light gradients have yielded inconsistent results.  Within species, some have 
found higher allocation to root reserves in low than in high light environments (Kobe 1997, 
Walters and Reich 1999); others have found higher stored reserves in shaded or partially sunny 
environments (Iwasa and Kubo 1997, Wyka 1999, Bellingham and Sparrow 2000, Kabeya and 
Sakai 2005, Belesky et al. 2006), or increased carbohydrate reserves in seedlings transferred 
from low to high light (Naidu and DeLucia 1997).  Responses to light environment may be 
related to species life history traits (e.g. shade tolerance; Chapin et al. 1990, Kitajima 1994, Kobe 
1997, Myers and Kitajima 2007, Poorter and Kitajima 2007).  In low light, plants may favor 
storage and defense compounds that buffer environmental stress, over the carbon costs of growth 
(Chapin et al. 1990, Walters and Reich 1999, Myers and Kitajima 2007).  A growing body of 
literature suggests that high allocation to reserve carbon storage should be included in the traits 
that characterize shade tolerant species (Kobe 1995, Kobe 1997, Kaelke et al. 2001, Sánchez-
Gómez et al. 2006, Myers and Kitajima 2007, Poorter and Kitajima 2007).   
Seasonal patterns of NSC reserve accumulation and use  
Growing season patterns of NSC accumulation and use in deciduous species are well 
documented, although most examine these processes in either above- or belowground parts, but 
not both (Tissue and Wright 1995, Marquis et al. 1997, Kobe 1997, Bellingham and Sparrow 
2000, Hoch et al. 2003, Kabeya 2010).  Few recent studies have examined whole plant seasonal 
NSC reserve patterns (Iwasa and Kobu 1997, Naidu and deLucia 1997, Richardson et al. 2012) 
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or specifically examined overwinter use of NSC reserves (but see Menke and Trlica 1981, Wyka 
1999, 2000; Chen et al. 2012).  Those studies that have followed winter NSC patterns show 
overwinter reserve reductions, presumably due to respiratory metabolism (Heilmeier et al. 1986, 
Cyr and Bewley 1989, Wyka 1999).  Understanding these patterns is important as the climate 
warms.  Following fall senescence and prior to spring leafout, NSCs provide the respiratory 
substrate necessary for metabolic maintenance.  Warming temperatures may increase respiratory 
carbon loss during leafless periods (Richardson et al. 2010), offsetting early leafing carbon gains 
despite earlier spring onset (Piao et al. 2007, 2010; Richardson et al. 2012). 
In this study, I attempt to broaden the understanding of seasonal NSC patterns in varied light 
environments, the potential influence of these patterns on long-term survival, and thus, the 
potential vulnerability of young seedlings to changing environmental conditions.  To this end, I 
examine the seasonal patterns and dynamics of NSC reserves in three tree species that vary in 
shade tolerance (Table 1) and how those patterns are affected by light environment.  I focus on 
young seedlings.  I hypothesized that NSC tissue pools and concentrations would be highest in 
the fall, decline over winter and in early spring in support of spring leaf flush and begin to 
increase soon after leafout, as leaves become fully autotrophic.  I expected similar seasonal tissue 
NSC patterns among species, across light environments, but expected higher reserve pools and 
concentrations in low, relative to high, canopy openness.  Lastly, I expected positive 
relationships between tissue NSC pools and concentrations, survival and shade tolerance. 
Materials and Methods 
Study sites and species 
 I conducted field research at the Cloquet Forestry Center (CFC), Cloquet, Minnesota, USA 
(46°31' N, 92°30' W; 4.5°C mean annual temperature (MAT), mean annual precipitation (MAP) 
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807 mm).  Experimental plots were located in second-growth, ~80 year old unmanaged aspen-
birch-fir stands.  CFC soils are fine sandy loams on sandy, gravelly outwash parent material (Soil 
Survey Staff, Natural Resources Conservation Service, United States Department of Agriculture. 
Web Soil Survey). 
 My study focused on three North American deciduous broadleaf species (Acer saccharum, 
Quercus macrocarpa and Populus tremuloides) that represent major components of northern 
temperate and southern boreal forests and cover a wide range of shade tolerances (Table 1).  To 
do this, I used nursery stock of each species.  At study installation, the stock consisted of two-
year-old, bare-root seedlings derived from local, unimproved seed sources supplied by the 
Minnesota Department of Natural Resources General Andrews Nursery near Willow River, 
Minnesota, USA.  
Experimental design 
I established experimental plots in each of four light environments: 60% (n = 7), 30% (n 
= 8), 10% (n = 8) and 5% (n = 5) of full sun at 1.5 m aboveground.  I quantified light 
environments at our field sites in July 2007 using a concave spherical densiometer (Ben 
Meadows, Model C).  In spring 2008, I planted 8 seedlings of each species into each plot in a 
grid formation at 15 cm spacing.  Given the small size of the seedlings and the short duration of 
the study, this spacing allowed efficient use of space while minimizing interaction among 
individuals.  I planted seedlings into existing vegetation to ensure realistic levels of competitive 
interaction with co-existing woody and herbaceous site vegetation, and enclosed plots using 
heavy duty plastic deer fencing supported by rebar.  
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Seasonal seedling harvests 
I completed seven seedling harvests during 2008-2010 to investigate seasonal NSC 
patterns.  Where possible, I harvested one individual of each species per plot (n = 5-8 individuals 
in each light environment at each harvest event) at three different phenological stages: 1) after 
leaf abscission or senescence in the fall of each growing season (Fall), 2) in late winter prior to 
spring leafout but after soil temperatures reached 0°C (Spring1), and 3) after leafout in early 
spring prior to full leaf expansion (Spring 2).  I transported harvested seedlings in coolers and 
stored them in a walk-in cooler (3.3°C) until processed for NSC analysis.  I measured seedling 
height and stem diameter on all harvested individuals.  I measured stem diameter in two cardinal 
directions 5 cm above the soil surface using handheld calipers.  I measured seedling height as the 
length from the soil surface to the leader tip.  I separated harvested seedlings into leaves, stems 
and roots.  Roots were soaked and gently rinsed in deionized water prior to drying.  I oven-dried 
samples at 100°C for one hour to minimize respiration, then at 70°C for 72 hours, after which I 
obtained the dry weight of each biomass component. To scale NSC data to the whole plant I 
calculated the stem mass ratio (SMR) and the root mass ratio (RMR) as stem or root weight (g) / 
stem + root weight (g). 
NSC analyses 
I aggregated live individual seedling tissue samples by tissue type (i.e. stems and roots) 
for each species, by treatment and harvest date.  I ground aggregated tissue samples into a fine 
powder with a ball mill prior to NSC analyses.  I quantified NSC concentrations (mg NSC per 
mg dry biomass) and total pool sizes (NSC concentration × biomass) using a modification of 
Roper et al. (1988) and Marquis et al. (1997).  I extracted soluble sugars from the plant tissues 
and conducted starch analysis on the extraction residues.  I extracted three replicates of ~20 mg 
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of each aggregated tissue sample at 75°C using 2 ml of 80% ethanol and then centrifuged at 1900 
g for 5 minutes. Supernatants were collected and diluted with 6 ml of deionized water.  I 
measured the concentration of soluble sugars (i.e., glucose equivalents) in extractants at 490 nm 
with a visible spectrophotometer (Unico Spectrophotometer 1200, Cole-Parmer, Vernon Hills, 
IL, USA) using a phenol-sulfuric acid colorimetric assay (Dubois et al. 1956).  I dried and 
gelatinized the pellet remaining after ethanol extraction by autoclaving at 125°C for 10 minutes 
along with 2 ml of 0.1 M sodium acetate buffer, pH 5.0.  After cooling, I incubated the samples 
with ~60 units of amyloglucosidase from Aspergillus niger (Sigma-Aldrich, St. Louis, MO) at 
55°C for 3 hours.  I analyzed the extractant colorimetrically for starch using a glucose-specific 
trinder reagent and measured absorbance at 505 nm with the visible spectrophotometer.  I 
calculated NSC concentrations (mg mg−1 dry mass) for aggregated tissue samples as the sum of 
glucose equivalent measures for soluble sugars and starch.  I calculated NSC concentrations for 
stems (NSCstem), roots (NSCroot), and weighted whole-plant NSC concentrations (NSCwp) as: 
NSCwp = (NSCstem × SMR) + (NSCroot × RMR).  I calculated NSC pool sizes by component as 
(NSC concentration x biomass), and structural biomass by subtracting NSC pool sizes of stems 
and roots from total seedling biomass. 
Data analysis 
Biomass, NSC concentration and NSC pool patterns across light environments 
Most prior work on trees in temperate forests compared fall NSC concentrations across 
species or treatments (Kobe 1997, Canham et al. 1999).  As such, I analyzed data from fall 
seedling harvests separately.  I used ANOVA to test for differences in biomass, NSCwp 
concentrations and NSCstem, NSCroot and NSCwp pools, between years (2009 & 2010) and among 
species and light environments.  To understand seasonal changes in NSCwp concentrations and 
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pools, I used an ANOVA that included species, season of harvest (Fall, Spring1, and Spring2), 
year (2009 or 2010), and canopy openness (5, 10, 30, 60).  I used the Tukey-Kramer HSD post-
hoc test to discern pair-wise differences between factor means. 
Seedling survival across light environments 
I used a proportional hazards model to test for effects of canopy openness, species and 
their interactions on seedling survival (days survived after planting).  I then used the Kaplan-
Meier estimator to produce survival curves for each species × light combination.  Seedlings 
harvested alive or that survived until the final census were right-censored.  I used the log-rank 
test to assess survival differences among species within canopy openness and within species 
among light environments.  I used regression analysis to assess the relationship between mean 
NSCwp, NSCroot and NSCstem concentrations and pools and species survival.  All statistical 
analyses were done using JMP version 10.0 (SAS Institute, Cary, NC, USA). 
Results 
Effects of canopy openness on fall structural biomass, NSC pools and NSC concentrations  
My full ANOVA models (predictor variables: year, light environment and species) were 
significant for each response variable but significant predictors differed among response 
variables (Table 2).  For fall structural biomass, year, light and species were all significant 
predictors, with a significant year × light × species interaction.  The interaction term resulted 
from a highly variable response to light environment among species and years (Figure 1).  For A. 
saccharum, there are no significant differences in structural biomass among light environments 
in either year.  For Q. macrocarpa structural biomass is significantly lower in intermediate light 
(30% canopy openness) than other light environments in 2009, but in 2010 it was significantly 
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higher in intermediate light than all other light environments.  For P. tremuloides, structural 
biomass was similar across the light gradient in 2009, but is significantly higher in high light 
(60% canopy openness) in 2010 (Figure 1). 
For fall NSCstem pools, light, year, and the interaction terms year × species, light × 
species and year × light × species were significant (Table 2; Figure 2).  Like structural biomass, 
the interaction terms resulted from highly variable response to light environment among species 
and years.  For example, in A. saccharum, NSCstem pools are higher in 2009 than 2010 but 
patterns with light remain similar across years with highest pools in 5% and lowest in 30% 
canopy openness.  In Q. macrocarpa, NSCstem pools increase with light in 2009 but decrease 
with light in 2010.  In P. tremuloides, NSCstem pools are highest in 60% in 2009 and in 5% and 
60% canopy openness in 2010.  
For fall NSCroot pools, light, species and the light × species and year × light × species 
interaction terms were significant (Table 2).  In general, NSCroot pools were highest in Q. 
macrocarpa (P<0.0001).  The interaction terms again resulted from variation in significant 
effects between years and among light levels and species.  NSCroot pools in A. saccharum did not 
differ among light levels but were higher in 2009 than 2010.  Q. macrocarpa had significantly 
higher NSCroot pools in 60% than all other light levels in 2009, whereas in 2010, it had 
significantly lower NSCroot in 30% than all other light levels.  In P. tremuloides, NSCroot pools 
did not differ among light levels in 2009 but were highest in 60%, lowest in 10 and 30% and 
intermediate in 5% in 2010 (Figure 3).  For fall NSCwp pools, light, species and the light × 
species and year × light × species interaction terms were significant (Table 2).  Patterns followed 
those for NSCroot pools.  
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All predictors and their interactions were significant for whole plant NSC concentrations 
(%) (Table 2).  Fall reserve concentrations varied among species, light environments and years, 
yielding no clear patterns. NSCwp concentrations were generally higher in fall 2009 compared to 
fall 2010 (Figure 5).  In A. saccharum, NSCwp concentrations were lower in 2010 in all light 
environments and highest concentrations occurred at intermediate light levels in both years.  In 
Q. macrocarpa, NSCwp concentrations were highest in 60% canopy openness in 2009 but in 10% 
openness in 2010 (Figure 5).  In P. tremuloides, NSCwp concentrations were highest in 5% 
canopy openness in 2009 and in 5% and 60% openness in 2010 (Figure 5).  In all species, fall 
NSCwp concentrations were lowest in 10% canopy openness (2009) and 30% canopy openness 
(2010). 
Seasonal NSC patterns across light environments 
Species vary in their temporal accumulation and use of NSCs, but all species 
demonstrated similar seasonal trends in NSC reserves; pools and concentrations generally 
increased between Spring and Fall harvests, and declined overwinter (Figures 6, 7).  In three 
cases for pools and four cases for concentrations (out of 24 total), NSC increased from Fall to 
Spring.  Six of the seven cases occurred in 30% canopy openness (one in 10%).  NSC pools 
varied across light environments within species (Figure 4).  NSCwp pools were generally highest 
throughout the season in 5% canopy openness for A. saccharum, in 60% in Q. macrocarpa in 
both years, and in 60% for P. tremuloides NSCwp in 2010 (Figure 6). 
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Seedling survival and relationship to NSC reserves 
Survival differed significantly among species and with canopy openness (Table 3, Figure 
8).  In general, survival tended to be poorest in intermediate light levels in all species.  P. 
tremuloides generally had higher survival in the highest light level, although by the end of the 
study, survival did not differ between high and low light.  Across study years, A. saccharum had 
high survival in all but 30% canopy openness, but at the end of the study had highest survival in 
the lowest and highest light levels.  Q. macrocarpa appeared least sensitive to light levels and at 
the end of the study had highest survival in 5% and 30% canopy openness (Figure 8).  We found 
only very weak positive correlations (R2 < 0.04) between mean survival and NSCstem, NSCroot, or 
NSCwp pools and concentrations both among species and within species among light 
environments (data not shown). 
Discussion 
Winter and nighttime temperatures are predicted to increase in a warming world (IPCC 
2007) making forested ecosystems worldwide vulnerable to increases in respiratory carbon loss. 
Thus understanding how plants fuel winter metabolism may help explain patterns of survival and 
productivity in a warming world. I hypothesized that winter physiological activity is fueled by 
reserve carbohydrates and these reserves vary with growth light environment and seasonally with 
phenological events (e.g. spring leafout and fall senescence).  I found strong evidence for 
overwinter carbohydrate use but considerable variation in levels of NSC reserve accumulation 
and use across species and light environments.  I argue that this variation is likely due to 
interannual variation in climate associated with life history characteristics such as resprout 
ability. 
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Overwinter NSC reserve use and climate change 
My study, one of few that examines above and belowground NSC reserve patterns 
throughout both the dormant and growing seasons, shows seedling NSC reserves declined in all 
species and light environments, overwinter and during spring leaf flush, although the latter 
varied with light environment (Figures 6, 7).  This supports the hypothesis that NSC reserves 
fuel overwinter metabolism and emergence from winter dormancy, when new photosynthate is 
insufficient to support metabolism (Richardson et al. 2012).  Overwinter NSC reserve 
consumption may increase in a warming climate, due to the temperature sensitivity of respiration 
(Atkin et al. 2003), particularly during high temperature events (McDowell et al. 2011).  
Increased metabolic maintenance costs during leafless periods may leave young tree seedlings 
particularly vulnerable to environmental stress.  While adult trees draw on NSC reserves stored 
for up to a decade (Richardson et al. 2012), young tree seedlings have fewer years of reserves on 
which to draw.  Further, seedlings may be more vulnerable than adult trees to environmental 
stress, including water stress (McDowell et al. 2010).  Extensive drought stress can lead to 
hydraulic failure, perpetuating carbon deficits, initiating carbon starvation or weakening plant 
defenses against insects or pathogens (McDowell et al. 2010, 2011a, Adams et al. 2009, 
Breshears et al. 2009, Allen et al. 2010).  Increased over-winter carbon use due to climate 
warming during the leafless season may further deplete NSC reserves, leaving trees weakened by 
elevated temperature and drought, less able to endure environmental stress, and thus more 
susceptible to mortality across many forest types (Allen and Breshears 1998, Raffa et al. 2008,  
McDowell et al. 2011b, Fettig et al. 2013). 
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 NSC reserve patterns vary across a light gradient 
I expected that within species, seedlings would accumulate more carbon reserves in low, 
relative to high, canopy openness because low light levels would induce preferential allocation to 
carbon reserves over carbon investment in and maintenance of new growth.  Regardless of shade 
tolerance, in 2010, species tended to accumulate the highest pools in the extremes of the light 
gradient (5% and 60% canopy openness; Figure 4).  I suggest that seedling performance across 
the light gradient may reflect growth vs. reserve accumulation tradeoffs within species (Chapin 
et al. 1990, Kobe 1995, Canham et al. 1999, Walters and Reich 1999).  Allocation in the lowest 
light level favors reserve storage, because the carbon costs of producing new tissue may be 
higher than the carbon gain potential of that tissue.  High NSC reserves in low light likely also 
reflect relatively lower respiratory costs and higher light use efficiency (i.e. Q. macrocarpa and 
A. saccharum) when shaded, while high light and temperature may reduce seedling productivity 
(Danner and Knapp 2003).  I suggest that as light levels increase, seedlings allocate carbon to 
both reserve storage and growth, leading to relatively lower NSC reserves in intermediate light 
levels (Figures 2, 3).  This is particularly evident in P. tremuloides, where the ratio of carbon 
respired to maintain metabolic structures that maximize light capture may increase relative to 
actual photosynthetic assimilation rates. (Pothier and Provost 2002). 
High NSC reserves in high light (e.g. 60% canopy openness) may result from several 
processes that differ among species.  High reserves in high light may reflect limited growth 
potential in high light environments (e.g. A. saccharum) and/or determinate growth patterns (e.g. 
A. saccharum, Q. macrocarpa).  In both cases, carbon assimilated after seasonal growth has 
ceased produces excess carbohydrates that can then be allocated to reserves or provide a 
physiological buffer to stress.  Somewhat differently, P. tremuloides, shows highly plastic 
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photosynthetic rates across light gradients, fast growth in high light environments (Pothier and 
Provost 2002) and the ability to vary growth and reserve accumulation with resource availability 
(Landhäusser et al. 2012).  In high light, sufficient incoming radiation coupled with higher 
photosynthetic rates may enable allocation to both growth and storage.  
NSC reserves, shade tolerance and seedling survival 
Unlike others who have found positive relationships between NSC reserves and shade 
tolerance (Kobe 1995, 1997; Canham et al. 1999, Myers and Kitajima 2007) my data do not 
strongly support the hypothesis that fall NSC pools and concentrations are strongly related to 
shade tolerance.  For example, P. tremuloides, the least shade tolerant species, had similar or 
lower fall NSC pools, but higher concentrations relative to A. saccharum, the most shade tolerant 
of my species (Figures 2, 4 and 5).  My weak trends may be related to the small number of 
species (n =3) and may have been stronger had I used multiple species in each level shade 
tolerance category.  My weak support for a positive relationship between shade tolerance and 
reserves may also reflect the role other life history traits may play in influencing plant NSC 
reserves.  Highly shade tolerant (i.e. A. saccharum) may preferentially allocate more to storage 
than shade-intolerant species (Kabeya and Sakai 2003, Naidu and deLucia 1997).  But 
disturbance adapted species may also preferentially allocate carbon to storage to fuel resprouting 
compared to obligate seeders (Kruger and Reich 1997, Kaelke et al. 2001, Newell et al. 2002, 
deGroot and Wein 2004, Olano et al. 2006).  Other studies show relationships between 
carbohydrate storage and seasonal growth patterns: species with determinate seasonal growth 
(i.e. A. saccharum, Q. macrocarpa) tend to have higher carbohydrate reserves than those that 
exhibit indeterminate seasonal growth (Kays and Canham 1991, Kobe 1997, Canham et al 1999).  
P. tremuloides, however, is shade intolerant and exhibits indeterminate seasonal growth, but also 
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profusely resprouts following disturbance (Frey et al. 2003); P. tremuloides may allocate more 
carbon to reserves than other shade intolerant species.  My data weakly support the hypothesis 
that NSC reserves are positively correlated with survival across the light gradient.  While the 
species that had highest NSC pools and concentrations (Figures 4, 5) also had higher survival 
rates (Figure 6), the statistical relationship between these factors was weak.  
NSC reserves are highly variable 
Given the significant interannual variation for many of my response variables, my results 
suggest that NSC reserve patterns change through time, and that short-term studies cannot 
necessarily capture longer term patterns.  I noted earlier that previous studies found conflicting 
responses of NSC reserves to light environment.  Inconsistencies among these studies likely 
arises from the fact that they report reserves from investigations of different organs (i.e. leaves or 
floral bracts or stems or roots), and many report only single season harvest data (Heilmeier et al. 
1994, Kobe 1997, Gaucher et al. 2005, Belesky et al. 2006, Kabeya 2010 and more).  In contrast, 
I report NSC reserves in both stems and roots, providing a whole plant perspective.  
Additionally, I report data from two continuous growing seasons, and show that interannual 
variation is a significant predictor for NSC reserves.  I suggest that results from only above or 
below-ground parts, and results based on single season data may be misleading when trying to 
characterize whole plant reserve patterns.  Additional longer term research is needed to better 
characterize NSC reserve patterns over time. 
Conclusion 
Non-structural carbohydrates are an important means by which plants promote survival, 
and influence plant response to environmental stress.  I provide evidence that patterns of NSC 
reserve use and accumulation vary across species, within species across a light gradient, 
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seasonally in conjunction with growth phenology and are highly variable from year to year.  
Within species, my results suggest that seedlings respond differently to light availability, 
accumulating higher reserves when growth is limited by light availability (low light, all species), 
by other physiological limitations (high light, A. saccharum and Q. macrocarpa) or when light is 
sufficient to result in both growth and reserve accumulation (high light, P. tremuloides), but that 
these patterns vary from year to year.  Due to significant interannual variability in these patterns, 
my results suggest using caution in drawing broad conclusions from short studies and small 
numbers of species, and call for additional long term studies to better characterize NSC reserve 
patterns over time.  
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Table 1: Experimental species codes, shade tolerance, initial biomass, height and diameter data for tree seedlings planted in four levels 
of canopy openness (5%, 10%, 30% and 60%) in a ~80 year old, unmanaged aspen-birch-fir forest in Cloquet, Minnesota, USA.  
*Shade tolerance values (range = 0-5) taken from Niinements and Valladares (2006).  Higher values indicate higher shade tolerance.  
 
Tree species 
Species 
code 
Initial mean total 
biomass (g) 
Initial mean stem 
diameter (mm) 
Initial mean 
height (cm) 
Shade 
tolerance* 
Acer saccharum AS 9.87 ± 1.27 5.64 ± 0.35 50.58 ± 4.27 4.76 ± 0.01 
Quercus macrocarpa QM 12.6 ± 1.6 5.13 ± 0.59 23.76 ± 4.34 2.71 ± 0.27 
Populus tremuloides PT 3.16 ± 1.11 3.8 ± 0.45 40.77 ± 3.99 1.77 ± 0.23 
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Table 2: ANOVA results for year, light and species effects on fall whole plant structural biomass, root (NSCroot), stem (NSCstem) and 
whole plant (NSCwp) non-structural carbohydrate reserve pools and whole plant reserve concentrations in three and four year old tree 
seedlings of Acer saccharum, Quercus macrocarpa, Populus tremuloides planted in four levels of canopy openness (5%, 10%, 30% 
and 60%) in an ~80 year old, unmanaged aspen-birch-fir forest in Cloquet, Minnesota, USA.  Asterisks (*) indicate results significant 
at P ≤ 0.05. 
 
 
 
 
R
2 DF F P R
2 DF F P R
2 DF F P R
2 DF F P R
2 DF F P
FULL MODEL 0.46 23 4.8 <.0001* 0.48 23 5.4 <.0001* 0.6 23 8.5 <.0001* 0.56 23 7.2 <.0001* 0.98 23 302.9 <.0001*
YEAR 1 5.1 0.0259* 1 6.8 0.0099* 1 0.8 0.3644 1 2.8 0.0939 1 1375.7 <.0001*
LIGHT 3 2.9 0.0371* 3 11.9 <.0001* 3 8.2 <.0001* 3 11.2 <.0001* 3 328.6 <.0001*
YEAR * LIGHT 3 1.9 0.1348 3 1.3 0.2784 3 2.5 0.0632 3 1.8 0.1562 3 516.6 <.0001*
SPECIES 2 25.9 <.0001* 2 1.3 0.2682 2 47.7 <.0001* 2 26.3 <.0001* 2 741.2 <.0001*
YEAR * SPECIES 2 0.1 0.8951 2 4.8 0.0099* 2 2.7 0.0733 2 2.3 0.0994 2 111.3 <.0001*
LIGHT * SPECIES 6 2.2 0.0511 6 3.9 0.0013* 6 2.8 0.0138* 6 3 0.0088* 6 163.8 <.0001*
YEAR * LIGHT * SPECIES 6 2.5 0.0235* 6 4.6 0.0003* 6 4.3 0.0006* 6 4.9 0.0001* 6 41.8 <.0001*
Fall plant structural 
biomass (g)
Fall NSCstem pools (mg) Fall NSCroot pools (mg) Fall NSCwp pools (mg) Fall NSCwp %
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Table 3:  Proportional hazards models examining seedling survival in three and four year old tree 
seedlings (Acer saccharum, Quercus macrocarpa, Populus tremuloides) planted in four levels of 
canopy openness (5%, 10%, 30% and 60%) in an ~80 year old, unmanaged aspen-birch-fir forest 
in Cloquet Minnesota, USA. Asterisks (*) denote results significant at P ≤ 0.05. 
 
 
 
 
 
 
Model Effect DF X2 P 
Full    5 46.32 <0.0001* 
  Light 3 3.51    0.32 
  Species 2 28.63 <0.0001* 
  Light x Species 6 15.47 0.049* 
Within Species Test DF X2 P 
A. saccharum Log-Rank 3 5.97   0.11 
Q. macrocarpa Log-Rank 3 17.07 0.0007* 
P. tremuloides Log-Rank 3 1.25   0.74 
Within Light Test DF X2 P 
  5% Canopy Openness Log-Rank 2 26.48 <0.0001* 
10% Canopy Openness Log-Rank 2 20.92 <0.0001* 
30% Canopy Openness Log-Rank 2 8.3 0.018* 
60% Canopy Openness Log-Rank 2 0.3    0.86 
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Figure 1: Mean fall structural biomass (stem + root, g) in tree seedlings planted in four levels of 
canopy openness (5%, 10%, 30% and 60%) in an unmanaged, ~ 80 year aspen-birch-fir stand at 
Cloquet Forestry Center (Cloquet, MN, USA).  Each column represents a different year (2009: 
left, 2010: right). 
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Figure 2: Mean fall stem non-structural carbohydrate (NSCstem) pools (mg) in tree seedlings 
planted in four levels of canopy openness (5%, 10%, 30% and 60%) in an unmanaged, ~ 80 year 
aspen-birch-fir stand at Cloquet Forestry Center (Cloquet, MN, USA).  Error bars are standard 
errors.  Letters indicate differences at the P <0.05 in post-hoc comparisons within species.  
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Figure 3: Mean fall root non-structural carbohydrate (NSCroot) pools (mg) in tree seedlings 
planted in four levels of canopy openness (5%, 10%, 30% and 60%) in an unmanaged, ~ 80 year 
aspen-birch-fir stand at Cloquet Forestry Center (Cloquet, MN, USA).  Error bars are standard 
errors.  Letters indicate differences at the P <0.05 in post-hoc comparisons within species.  
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Figure 4: Mean fall whole plant non-structural carbohydrate (NSCwp) pools (mg) in tree 
seedlings (Acer saccharum, Quercus macrocarpa, Populus tremuloides) planted in four levels of 
canopy openness (5%, 10%, 30% and 60%) in an unmanaged, ~ 80 year aspen-birch-fir stand at 
Cloquet Forestry Center (Cloquet, MN, USA).  Each column represents a different year (2009: 
left, 2010: right).  Error bars are standard errors.  Letters indicate differences at the P <0.05 in 
post-hoc comparisons within species. 
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Figure 5: Mean fall whole plant non-structural carbohydrate (NSCwp) concentrations (%) in tree 
seedlings (Acer saccharum, Quercus macrocarpa, Populus tremuloides) planted in four levels of 
canopy openness (5%, 10%, 30% and 60%) in an unmanaged, ~ 80 year aspen-birch-fir stand at 
Cloquet Forestry Center (Cloquet, MN, USA).  Each column represents a different year (2009: 
left, 2010: right).  Error bars are standard errors.  Letters indicate differences at the P < 0.05 in 
post-hoc comparisons within species. 
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Figure 6: Seasonal patterns of non-
structural carbohydrate (NSC) pools in 
tree seedlings (Acer saccharum, Quercus 
macrocarpa, Populus tremuloides) 
planted in four light environments (5%, 
10%, 30% and 60% canopy openness) in 
an aspen-birch-fir stand at Cloquet 
Forestry Center (Cloquet, MN, USA).  
Each panel shows whole plant NSC pools 
in each of three annual harvests in two 
years (2009 – 2010).  Harvest dates were 
determined based on annual climate and 
phenological events.  First annual harvests 
were in fall following leaf senescence; 
second harvests were in late winter when 
soil temperatures reached 0°C.  Spring 
harvests varied by light environment; 
dates below represent the mean harvest 
date for that light environment. 
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Figure 7:  Seasonal patterns of non-
structural carbohydrate (NSC) 
concentrations (%) in tree seedlings 
(Acer saccharum, Quercus macrocarpa, 
Populus tremuloides) planted in four 
light environments (5%, 10%, 30% and 
60% canopy openness) in an aspen-
birch-fir stand at Cloquet Forestry 
Center (Cloquet, MN, USA).  Each 
panel whole plant NSC concentrations 
in each of three annual harvests in two 
years (2009 – 2010).  Harvest dates 
were determined based on annual 
climate and phenological events.  First 
annual harvests were in fall following 
leaf senescence; second harvests were 
in late winter when soil temperatures 
reached 0oC.  Spring harvests varied by 
light environment; dates below 
represent the mean harvest date for that 
light environment. 
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Figure 8: Mean survival through time in Acer saccharum, Quercus macrocarpa and Populus 
tremuloides seedlings planted in four levels of canopy openness (5%, 10%, 30% and 60%) in an 
unmanaged, ~ 80 year aspen-birch-fir stand at Cloquet Forestry Center (Cloquet, MN, USA). 
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Chapter 3: Effects of experimental warming on seedling growth across a gradient of light 
availability in southern boreal forests, Minnesota, USA 
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Chapter Summary 
Climate warming may alter species latitudinal distribution limits and result in altered 
species composition and diversity, especially at current species range boundaries.  Warming 
alters potential habitat suitability, but shifting species’ ranges also depend on potential habitat 
continuity and local resource conditions.  Warming may enhance (e.g. temperate species) or 
depress productivity (e.g. boreal species) depending on existing physiological constraints (i.e. 
proximity to range limits) and abiotic resource availability (i.e. light environment).  To 
investigate whether warming effects on tree seedling growth and survival differed across a light 
gradient, I planted six species (A. saccharum, P. strobus, A. balsamea, Q. macrocarpa, P. 
banksiana and P. grandidentata) into a light environment (10%, 30%, or 60% canopy openness) 
and temperature environment (ambient or passively warmed) within the light environment at two 
northern Minnesota sites.  I used open top chambers to passively warm seedlings across the light 
gradient.  I provide evidence that warming and its effects on seedling growth and survival do not 
occur evenly across light gradients.  I show that warming, generally has positive effects on 
growth and productivity in low and intermediate light levels, but generally negative effects in 
high light.  I also show that species-specific responses are associated in part with an individual 
species’ proximity to its geographic range limit (e.g. near cold or warm limit of range).  Finally, I 
provide evidence that open top chambers (OTCs) can be a viable approach to achieving modest 
temperature increases in closed canopy forests. 
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Introduction 
Environmental constraints (e.g. temperature, radiation, precipitation) on plant physiology 
place important limits on plant distributions (Lambers et al. 1998, Rustad et al. 2001, Grimm et 
al. 2013, Müller-Haubold et al. 2013).  Global temperature increases associated with climate 
warming may alter growing season length, tree growth, productivity, regeneration and survival 
(Rustad et al. 2001, Bronson et al. 20010, Way and Oren 2010, Chung et al. 2012).  Warming is 
predicted to be strongest at high latitudes, including areas currently occupied by the northern 
temperate and boreal forests (IPCC 2007).  Climate warming may alter species latitudinal 
distribution limits and result in altered species composition and diversity, especially at current 
species range boundaries like the temperate-boreal ecotone (Iverson and Prasad 1998, 2002; 
Iverson et al. 2008, Grimm et al. 2013).  Some studies show increased productivity in temperate 
and boreal species in response to moderate warming (Jarvis and Linder 2000, Stromgren and 
Linder 2002), however, productivity enhancements differ within and among species and may be 
greater in colder rather than temperate regions (Rustad et al. 2001, Norby and Luo 2004).  
Overall, we need a better understanding of potential for compositional shifts and more studies of 
species-specific responses to warming effects, particularly in northern forests (Higgins and Harte 
2006, Ibanez et al. 2006, IPCC 2007). 
Warming alters potential habitat suitability for northern temperate and southern boreal 
species, but potential species’ ranges also depend on potential habitat continuity, as well as 
regional resource conditions (Honnoy et al. 2002, Iverson et al. 2008, Zimmermann et al. 2009, 
Gonzalez et al. 2010, Grimm et al. 2013).  Seedling and sapling recruitment, productivity and 
survival are subject to numerous interacting factors including soil conditions, above and below-
ground competition, seed abundance and distribution, ontogeny and herbivory (Kitajima 1994, 
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Kruger and Reich 1997, Ibanez et al. 2008, Zimmermann et al. 2009, Montgomery et al. 2010, 
Ettinger and Hille Ris Lambers 2013).  Light availability also strongly affects juvenile 
recruitment.  Many species show highly plastic growth and survival responses across light 
gradients; seedling recruitment generally increases with increasing light availability (Bonsar and 
Aarssen 1994, Kobe et al. 1995, Canham et al. 1989, 1990, 1996; Rüger et al. 2009, Yang et al. 
2012).  However, warming may interact with light to produce varying growth and survival 
responses. 
In this study, I used passive field warming (open top chambers; OTCs) across a light 
gradient to investigate warming effects on the growth and survival of six tree species common to 
the temperate-boreal forest ecotone (Abies balsamea, Acer saccharum, Pinus strobus, Quercus 
macrocarpa, Pinus banksiana and Populus tremuloides) in two northern Minnesota sites.  This 
study, to my knowledge, is the first to attempt passive warming in both closed canopy and 
openings in forests.  This unique approach enables me to assess the degree and effects of 
warming across a light gradient, as well as the viability of using OTCs to enhance ambient 
temperature within forests.  I hypothesize that warming will enhance growth and survival in 
temperate species at their northern latitudinal limits and repress growth and survival in boreal 
species at their southern limits.  
Materials and Methods 
Study sites and species 
 I conducted field research at the Cloquet Forestry Center (CFC), Cloquet, Minnesota, USA 
(46°31' N, 92°30' W; 4.5°C mean annual temperature (MAT), mean annual precipitation (MAP) 
807 mm) and the Hubachek Wilderness Research Center (HWRC), Winton, Minnesota, USA 
(47°55' N, 92°30' W; MAT 3.0°C, MAP 722 mm). The CFC is located 30-50 km north of the 
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southern temperate-boreal forest boundary, while the HWRC is located another 120 km north.  
CFC soils are fine sandy loams on sandy, gravelly outwash parent material (Soil Survey Staff, 
Natural Resources Conservation Service, United States Department of Agriculture. Web Soil 
Survey).  The HWRC soils (not classified) are generally stony loams derived from glacial 
outwash.  Soils differed slightly between sites, but supported like habitat types.  I established 
plots in ~80 year old unmanaged aspen-birch-fir stands at both study sites.  I studied six North 
American tree species that represent major components of northern temperate and southern 
boreal forests, differ in leaf habit and span a wide range of shade and drought tolerance (Table 
1).  I planted two-year-old seedlings derived from local, unimproved seed sources supplied by 
the Minnesota Department of Natural Resources General Andrews Nursery near Willow River, 
Minnesota, USA.  
Experimental design 
 This experiment was a factorial design wherein I assigned each seedling a light 
environment (10%, 30%, or 60% canopy openness at 1.5m aboveground) and a temperature 
environment (ambient or warmed) within the light environment.  In July 2007, I estimated 
canopy openness based on natural canopy variations using a concave spherical densiometer.  In 
each light environment I established 7-8 pairs of ambient temperature (A) and passively warmed 
(W) plots.  In spring 2008, I planted eight two-year-old bareroot seedlings of each species into 
each plot in a grid formation at 15 cm spacing.  Given the small size of the seedlings and the 
short duration of the study, this spacing maximized space used for the experiment while 
minimizing interaction among individuals.  In warmed plots, I centered the seedling grid beneath 
the chamber opening to maximize precipitation capture and to minimize soil moisture edge 
effects on seedlings.  I planted seedlings into existing vegetation to ensure realistic levels of 
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interaction with co-existing woody and herbaceous site vegetation, and enclosed plots using 
heavy duty plastic deer fencing supported by rebar. 
Passive warming chambers 
I passively warmed seedlings in hexagonal open top chambers (OTC; Figure 1) adapting 
the design of ITEX chambers (Marion et al. 1993).  Each side of the hexagonal OTC measured 
1.73m wide at the base, and vertical sides measured 1.73m tall.  Each hexagonal side measured 
0.86m at the top of the OTC.  The top of the OTC was 1.5m from the ground (Figure 1).  I built 
the OTCs using 1¼ inch diameter PVC, clear commercial grade greenhouse polyethylene film 
and custom oak connectors weather-proofed with linseed oil.  I inserted the PVC tubing into 
PVC caps attached to the custom connectors to produce a hexagonal skeletal structure.  I then 
sleeved and sealed the PVC skeleton in clear commercial grade greenhouse polyethylene film (4 
mil, commercial grade, anti-condensate, 95% light transmittance) to create the sides of the 
structure.  
Microclimate measurements 
I recorded air temperature and relative humidity 1m above soil surface in warmed and 
ambient paired plots using HOBO Temp/RH dataloggers (HOBO Pro v2 loggers, Onset 
Computer Corporation, Pocasset, MA) at 15 minute intervals continuously throughout the study.  
I rotated sensors periodically between 3-4 plots in each level of canopy openness to homogenize 
temperature readings.  I measured soil moisture at 15 minute intervals continuously at five points 
in paired ambient/warmed plots in each light environment during the 2009 growing season (four 
months) at CFC. Each winter, I measured snow depth twice (mid-winter and late winter) at five 
points in paired ambient/warmed plots in each light environment using a meter stick. 
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Annual growth measurements and survival 
I measured the annual leader extension and all branch extensions in each of two growing 
seasons (2008, 2009) in late August to capture annual growth.  I calculated annual seasonal 
growth by summing the annual leader increment length and respective annual branch extensions.  
I measured seedling diameter annually in two cardinal directions using handheld calipers at 5 cm 
above the soil surface.  I recorded seedling survival twice during each growing season, following 
spring leaf flush and prior to fall dormancy. 
Data analysis 
I tested the effects of light environment (categorical), temperature environment 
(categorical), species and their interactions on annual extension and diameter growth using 
ANOVA.  I used Tukey HSD post hoc tests to discern pairwise differences between means.  For 
statistical growth models, I used either a relative growth rate (diameter models) as response 
variable or the final size (for annual extension growth models) with the initial size as a 
continuous covariate.  I used a proportional hazards model to test for effects of canopy openness, 
species, temperature treatment and their interactions on seedling survival at each site.  I then 
used the Kaplan-Meier estimator to compare survival curves for each species × light × 
temperature combination.  Seedlings harvested alive or that survived until the final censuses 
were right-censored.  I used the logrank test to assess survival differences among species within 
light × temperature and within species among light environment × temperature environment.  All 
statistical analyses were done using JMP version 10.0 (SAS Institute, Cary, NC, USA).  
   
79 
 
I thought the OTCs might alter soil moisture content between ambient and warmed plots.  
We averaged readings from five sensors per light × temperature treatment to yield mean daily % 
soil moisture.  I tested the effect of light environment, temperature treatment and their interaction 
on % volumetric soil moisture and used Tukey HSD post hoc tests to compare means across 
treatment combinations.  Further, I investigated the effects of the OTCs on precipitation capture. 
I used ANOVA and Student’s T-test to compare soil moisture within light environment after rain 
events.  I anticipated that temperature environment would vary naturally across our light 
gradient, and that OTCs could produce different degrees of warming across the gradient.  Over-
winter temperature data for 2008 showed no difference between light × temperature treatments.  
So, I analyzed only growing season data (between April 1 – October 31) in temperature models.  
I tested the effects of light environment and temperature treatment (ambient vs. warmed) on 
mean daily maximum, minimum and mean temperature in each treatment combination using 
ANOVA. 
Results 
Temperature augmentation by warming chambers 
Overall mean maximum, minimum and average daily temperatures differed significantly 
among light environments and between temperature treatments, within light environments (Table 
2).  OTCs resulted in higher daily maximum and mean temperatures at both sites (Table 3).  For 
both mean and maximum temperatures, there was no interaction between light and temperature 
treatments.  The absolute augmentation of mean and maximum temperatures by OTCs was 
similar across the light gradient.  Minimum daily temperatures were slightly lower (<0.5 °C) in 
warmed plots, except in 10% canopy openness at CFC, and in 60% canopy openness at HWRC 
where minimums were significantly higher in warmed plots (Figure 2). 
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Microclimate differences created by warming chambers 
Plots warmed with OTCs had different microclimates relative to their paired ambient 
plots.  Maximum, minimum and mean daily volumetric soil water content (%) differed 
significantly by light environment, temperature treatment and their interaction (Table 4).  
Overall, ambient plots had 1.6% and 2.3% higher mean soil moisture relative to warmed plots in 
10% and 30% canopy openness respectively, but similar soil moisture in 60% canopy openness 
(Figure 3).  I was interested in whether differences might be related to precipitation capture.  To 
test this, I compared soil moisture in warmed and ambient plots immediately after several rain 
events using ANOVA.  Increases in soil moisture after rain events did not differ significantly 
between ambient and warmed plots within light environment, suggesting that the OTCs did not 
substantially alter incoming precipitation (data not shown).  Similarly, winter snow depth did not 
differ between ambient and warmed plots within light environments (data not shown).  
Significant light x temperature interactions terms (Table 2) show that OTCs altered relative 
humidity differently across the light gradient at each site (Figure 4).  At CFC, differences within 
light environment showed that maximum and average daily relative humidity was slightly higher 
in warmed plots in 30% and 60% canopy openness, but lower in 10% canopy openness (Figure 
4).  At HWRC, maximum and average relative humidity was similar or significantly higher in 
warmed plots in 30% and 60% canopy openness, and did not differ with warming in 10% canopy 
openness.  Minimum daily relative humidity was similar between warmed and ambient plots 
across the light gradient at CFC, but was significantly lower in 10% canopy openness warmed 
plots and significantly higher in warmed plots in 60% canopy openness at HWRC (Figure 4).  
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Total extension growth 
The full ANOVA model examining experimental effects (predictor variables: site, light 
environment, species, temperature treatment and their interactions) was significant, but we ran 
additional site-specific models due to interactions between site and other predictors (Table 5).  
Across species, warming generally had no effect or mildly positive effects on total extension 
growth (Figure 5).  Negative effects on total extension growth, where observed, were in high 
light treatments (Figure 5).  The ANOVA models for each site (predictor variables: light 
environment, species, maximum, minimum or mean daily temperature and their interactions, 
covariate: initial total size) were significant at both sites, but significant predictors differed 
between sites (Table 5).  At CFC (Figure 6, upper panel), using maximum, minimum or mean 
daily temperature, nearly all predictors and their interactions were significant. In each model, we 
found light × species × temperature interactions.  In low (10%) and intermediate light (30%), 
warming had a positive, though not always significant, effect on extension growth in all species 
except A. saccharum (slightly negative) and A. balsamea (significantly negative).  In high light 
(60%), extension growth was lower in all species in warmed plots.  At HWRC, using maximum 
or mean daily temperature, we found a significant three-way interaction (light × species × 
temperature) while temperature and the light × species interaction were significant when using 
mean daily minimum as the temperature variable (Table 5).  In low light (10%; Figure 6, lower 
panel), warming had a positive or significantly positive effect on extension growth in all species 
except A. saccharum (negative).  In intermediate light (30%), warming increased extension 
growth in three species (A. balsamea, A. saccharum, Q. macrocarpa), but had a slightly negative 
or significantly negative effect on three species (P. strobus, P. banksiana, P. tremuloides). In 
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high light, warming had a positive effect in four of six species, and a negative effect on extension 
growth in two species. 
Final diameter and diameter relative growth rate  
My full ANOVA models for each site (predictor variables: light environment, species, 
mean maximum, minimum or mean daily temperate and their interactions, covariate: 2008 
average diameter) were significant for final diameter at both sites, but significant predictors 
differed between sites (Table 6).  At CFC, using maximum, minimum or mean daily temperature, 
nearly all predictors and their interactions were significant.  In each model, I found light × 
temperature and species x temperature interactions.  In 10% light (Figure 7, upper panel), 
warming had essentially no effect on diameter growth in A. balsamea, Q. macrocarpa and P. 
banksiana, but enhanced diameter growth in the other species.  In 30% light, warming enhanced 
diameter growth in all species, except A. balsamea, while in 60% canopy openness, warming 
reduced diameter growth three species, had no effect in two species, and slightly increased 
diameter growth in one species.  At HWRC (Figure 7, lower panel), warming had no effect or a 
slightly positive effect on diameter growth in all species in low light (10%).  In intermediate light 
(30%), warming had no effect in A. balsamea, a significantly positive effect in A. saccharum, 
and a negative effect on diameter growth in the remaining four species.  In high light, warming 
slightly increased (not significant) diameter growth in P. strobus and P. tremuloides, but had a 
negative effect in the other four species.  The full ANOVA model for diameter relative growth 
rate was significant at both sites (Table 7).  Diameter relative growth rate trends largely followed 
diameter growth trends (Table 7, Figure 8).   
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Survival 
Survival differed among species, with canopy openness and temperature treatment (Table 
8, Figures 9, 10).  At both sites, species, temperature treatment and the light × temperature 
interaction were significant predictors.  At CFC, warming had negative or neutral effects on 
survival in 10% and 60% canopy openness but positive or neutral effects in 30% canopy 
openness. A. saccharum, P. strobus and P. banksiana all had higher survival in warmed 
compared to ambient plots at 30% canopy openness (Figure 9).  At HWRC, warming decreased 
survival in almost all species at 60% but had mainly neutral effects at 30% and 10%.  Exceptions 
in low light include negative effects of warming on P. banksiana in 30% and on A. balsamea in 
10% (Figure 10). 
Discussion 
Global temperatures are predicted to increase by up to 6.4 C° by 2100, having widespread 
effects on forested ecosystems in high northern latitudes, and altering ecosystem carbon balance, 
composition and diversity through effects on establishment, growth and survival of tree seedlings 
(IPCC 2007).  Climate warming effects on forest composition and productivity vary, in part 
amplified or dampened based on existing resource limitations in forested biomes.  For example, 
in western forests, increasing annual and overwinter temperatures coupled with changing 
precipitation patterns are exacerbating drought stress, causing widespread tree mortality (Grimm 
et al. 2013 and references therein), boreal forests are showing decreased productivity near their 
southern ranges (Beck and Goetz 2011), while moister, less water-limited central and eastern 
forests show increased productivity with climate warming (McMahon et al. 2010).  Despite 
increased productivity in some areas, models indicate that northern temperate and boreal forests 
are very vulnerable to considerable vegetation shifts that will result in biome changes due to 
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altered temperature, precipitation and wildfire regimes (Gonzalez et al. 2010).  I provide 
evidence that warming and its effects on growth do not occur evenly across light gradients.  My 
evidence shows that warming, generally, had no effect or positive effects on growth and 
productivity in six species common to the temperate-boreal ecotone in low and intermediate light 
levels. In high light, warming affected growth differently across species (Figure 5).   Finally, I 
suggest that open top chambers (OTCs) may be a viable approach for modest increases in 
temperature in closed canopy forests during the growing season. 
 
Open top chambers can be a viable approach for passive temperature enhancement in forests 
This study presented the opportunity to examine the feasibility of enhancing temperature 
within closed forest canopies using inexpensive open top chambers.  I specifically questioned 
whether passive warming would be effective in low light environments like closed canopy, 
mixed conifer-hardwood forests.  Additionally, I was unsure to what extent OTCs would alter 
important other microclimate variables (e.g. soil moisture, relative humidity) that influence 
temperature sensitive plant physiology (e.g. photosynthesis, stomatal conductance, respiration) 
and ultimately, growth and survival.  My study achieved modest warming across a light gradient 
that was similar across light levels for maximum and mean temperatures, but not minimum 
temperatures.  Temperature enhancements from the OTCs, though modest, were within 
temperatures predicted by climate models (Gonzalez et al. 2010).  Climate models also predict 
altered precipitation patterns, and thus, alterations to soil moisture to accompany warming.  The 
OTCs influenced soil moisture levels, resulting in significantly lower overall mean soil moisture 
in low and intermediate light environments, but did not alter mean soil moisture between 
ambient and warmed plots in high light (Figure 3, Table 4).  Reductions in soil moisture were 
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modest in my study, but lower soil moisture in warmed plots (<25%) is a common result in 
warming experiments (Harte et al. 1995, Saleska et al. 1999, Loik et al. 2000).  Despite 
differences in soil moisture in low and intermediate light, growth responses were generally 
positive in OTC treatments.  Similarly, growth was negatively affected by warming in high light, 
despite no differences in soil moisture, suggesting that temperature more likely explains 
productivity differences.  Additionally, the OTCs did not significantly alter mean daily relative 
humidity between ambient and warmed plots at CFC, and at HWRC, relative humidity was 
actually higher in high light warmed plots (Figure 4).  Higher relative humidity at high 
temperature could alleviate physiological stress to some degree.  I suggest that lower growth and 
survival in high light is temperature driven.  Finally, I estimated canopy openness prior to OTC 
installation, but the greenhouse film used to construct the chamber sides allowed only 95% light 
transmittance.  So seedlings in the chambers necessarily received less, and potentially, degraded 
light (specifically lateral radiation).  One might expect that the negative impacts of a 5% 
reduction in light would be most pronounced in the lower light environment.  Growth responses 
were generally positive in lower, relative to higher light suggesting either that interception by the 
plastic did not negatively affected seedling growth or if it did, did not eclipse the effect of 
warming. If the latter is true, then in fact, I underestimated the positive effects of warming.  In 
summary, I suggest that OTCs may be a viable option for achieving modest temperature 
enhancement in forests with the caveat that this design may not be able to effectively alter 
minimum temperatures.  They are significantly less expensive than active warming approaches 
(e.g. soil cables, heat lamps) and, arguably, equally or less labor intensive to install and maintain. 
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Warming enhances growth in low and intermediate light levels 
Warming may influence plant growth responses differently across light gradients. This 
may result from interacting effects of warming, light and other microclimate factors (e.g. 
humidity) or differences in the ambient temperatures across light gradients. For example, 
ambient daytime temperatures are warmer in the open than closed canopies, while the reverse is 
true at night.  Light availability exerts a strong influence on growth and survival strategies within 
species and influences key forest processes such as gap regeneration dynamics.  For species like 
A. saccharum, which are more productive in low and intermediate light levels (Danner and 
Knapp 2003, Niinemets 2010, Peebles, Chapter 2), modest warming in conjunction with low 
light levels may positively affect physiological function, thereby increasing growth and survival 
(Chung et al. 2012), particularly where precipitation regimes remain stable, or water availability 
increases (Wu et al. 2011).  Alternatively, temperature increases could present a secondary stress 
in some species (i.e. P. tremuloides), resulting in lower growth and survival in low or 
intermediate light (Pothier and Prévost 2002, Way and Oren 2010, Peebles, Chapter 1) or in high 
light, particularly where altered precipitation regimes result in increased drought frequency or 
intensity (Wu et al. 2011, Fettig et al. 2013).  In this study, I found that warming interacts with 
light environment, showing mildly positive effects on growth in low and intermediate light 
despite modest decreases in soil moisture, but depressed some species’ growth in higher light 
environments despite equivalent soil moisture in ambient and warmed plots.  Overall, this 
suggests that modest warming during the growing season in lower temperature environments 
(e.g. lower light) may enhance productivity, while warming at higher temperatures (e.g. high 
light) may create more stressful conditions (e.g. higher maximum temperatures) especially for 
slower growing, shade loving species (i.e. A. balsamea).  Shade tolerant species with limited 
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physiological plasticity may show reduced growth responses in high light or large gaps (Canham 
1989).  High light coupled with elevated temperature may induce higher respiratory carbon 
losses (Atkin et al. 2003), while maintaining low light-saturated photosynthetic rates (Canham 
1989 and references therein) in shade tolerant species. 
Warming variably affects species’ productivity  
Forest productivity models suggest that warming in high latitude forests may increase forest 
productivity in species at their northern range limits, and depress productivity in species at their 
southern range limits (Gonzalez et al. 2010).  I hypothesized that warming would increase 
growth and survival for those species nearer their northern range (A. saccharum, P. strobus and 
Q. macrocarpa), but have the opposite effect on species nearer their southern range limits (A. 
balsamea, P. banksiana, P. tremuloides).  My data partially support this hypothesis, but the 
patterns are complex and not adequately described by this categorization.  In this study, warming 
species near their northern range limits (A. saccharum, P. strobus and Q. macrocarpa) generally 
had no effect or positive effects on extension growth, diameter growth and survival in 10% and 
30% canopy openness (Figures 5-10).  In these more temperate species, warming generally 
released growth in low and intermediate light at both sites.  In high light, warming reduced 
growth relative to ambient plots at the southern site (CFC), but enhanced growth in A. 
saccharum at the northern site (HWRC).  This suggests that nearer their northern range limit, 
warming may enhance A. saccharum productivity, but this effect is dampened in high light at the 
more southern site.  Q. macrocarpa growth generally followed this trend, but was less affected 
by latitude or treatment.  In the boreal species, warming generally increased growth in low and 
intermediate light at the southern site (except A. balsamea in 30% at CFC).  In high light, 
warming significantly decreased growth in boreal species at CFC.  At the northern site, growth 
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patterns varied among species; warming enhanced growth in all species in low light, reduced 
growth in 30% (P. banksiana and P. tremuloides), but enhanced growth in high light (except A. 
balsamea).  These data thus lend weak support to the idea that productivity enhancement may be 
related to geographic range and whether a species is nearer its cold or warm range limit (Rustad 
et al. 2001, Norby et al. 2003, Norby and Luo 2004).  Where species are at their northern range 
limits (i.e. A. saccharum, Q. macrocarpa and P. strobus), modest warming increased growth and 
survival, while species near their southern range limits (i.e. A. balsamea, P. banksiana, P. 
tremuloides) sometimes increased growth at both sites, but sometimes depressed growth at both 
sites. 
Conclusions 
Increasing global temperatures may have widespread effects on forested ecosystems in high 
northern latitudes, altering forest composition through effects on establishment, growth and 
survival of tree seedlings (Iverson and Prasad 1998, 2002; Iverson et al. 2008).  Climate warming 
effects may vary, in part, based on local microclimate and resource availability.  I provide 
evidence that passive warming structures can be used to moderately enhance ambient 
temperature within forests.  This study shows that tree seedling productivity and survival in the 
temperate-boreal forest ecotone may be enhanced with moderate warming in low and 
intermediate light environments, but reduced in high light environments in some species.  Over 
time, resulting recruitment differences may result in altered species diversity, composition and 
productivity in high latitude forests. 
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Table 1: Experimental species characteristics. *Tolerance values (range = 0-5) are from Niinemets and Valladares (2006).  Higher 
values indicate higher tolerance. 
 
Tree species Leaf habit Biome Shade tolerance Drought tolerance 
Abies balsamea Evergreen gymnosperm Boreal 5.01 ± 0.09 1 
Acer saccharum Winter deciduous angiosperm Temperate 4.76 ± 0.01 2.25 ± 0.25 
Pinus strobus Evergreen gymnosperm Temperate 3.21 ±  0.2 2.29 ± 0.38 
Quercus macrocarpa Winter deciduous angiosperm Temperate 2.71 ± 0.27 3.85 ± 0.15 
Pinus banksiana Evergreen gymnosperm Boreal 1.36 ± 0.33 4 
Populus tremuloides Winter deciduous angiosperm Boreal 1.21 ± 0.18 1.77 ± 0.23 
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Table 2: ANOVA model results testing for the effects of % canopy openness (CO: 10%, 30% and 60%) and temperature treatment 
(Temp: ambient or passively warmed) on maximum, minimum and mean daily temperature and relative humidity in experimental 
plots at two field sites (CFC: Cloquet Forestry Center, Cloquet, MN, USA and HWRC: Hubachek Wilderness Research Center, 
Winton, MN, USA).  Asterisks denote results significant at (*) P ≤0.1 and (**) at P ≤0.05. 
 CFC HWRC 
 R2 DF F P R2 DF F P 
MAX DAILY TEMP 0.09 5, 1005 20.9 <.0001** 0.07 5, 959 16.5 <.0001** 
CO  2 20.7 <.0001**  2 7.1 0.0009** 
Temp  1 60.3 <.0001**  1 68.7 <.0001** 
CO * Temp  2 1.4 0.2452  2 1 0.3557 
MIN DAILY TEMP 0.02 5, 1005 3.3 0.0063** 0.04 5, 959 8.4 <.0001** 
CO  2 3.5 0.0292**  2 15.9 <.0001** 
Temp  1 1.6 0.2024  1 2.3 0.1263 
CO * Temp  2 3.8 0.0236**  2 4.1 0.0173* 
AVG DAILY TEMP 0.02 5, 1005 3.8 0.0020** 0.01 5, 959 2 0.076* 
CO  2 4.7 <.0001**  2 0.6 0.535 
Temp  1 7.7 0.0196**  1 6.7 0.0096** 
CO * Temp  2 0.9 0.4263  2 1.8 0.1695 
MAX DAILY RH% 0.03 5, 1005 5.7 <.0001** 0.14 5, 959 44.5 <.0001** 
CO  2 2.5 0.0824*  2 110.6 <.0001** 
Temp  1 4.2 0.0417**  1 1.1 <.0001** 
CO * Temp  2 9.5 <.0001**  2 0.5 <.0001** 
MIN DAILY RH% 0.02 5, 1005 3.1 0.0093** 0.07 5, 959 10.9 <.0001** 
CO  2 6.7 0.0013**  2 13.5 <.0001** 
Temp  1 0.01 0.9184  1 0.4 0.5255 
CO * Temp  2 1 0.3613  2 13.1 <.0001** 
AVG DAILY RH% 0.02 5, 1005 3.1 0.0088** 0.19 5, 959 33.8 <.0001** 
CO  2 4.7 0.0089**  2 21.6 <.0001** 
Temp  1 0.1 0.7438  1 44.6 <.0001** 
CO * Temp  2 2.9 0.0549*  2 34.8 <.0001** 
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Table 3: Mean seasonal temperature differences (°C ± standard error) between warmed (W) and ambient (A) plots in three levels of 
canopy openness (10%, 30% and 60%) at two field sites (CFC: Cloquet Forestry Center, Cloquet, MN, USA and HWRC: Hubachek 
Wilderness Research Center, Winton, MN, USA). 
 
Site % Canopy Openness 
Maximum Daily Temp 
differences 
Minimum Daily Temp 
differences 
Mean Daily Temp 
differences 
CFC 
10 W - 10A 2.72 ± 0.22 2.37 ± 0.34 1.87 ±0.23 
30W - 30A 3.80 ± 0.25 -0.22 ± 0.03 0.60 ± 0.05 
60W - 60A 4.54 ± 0.25 -0.39 ± 0.03 0.90 ± 0.06 
HWRC 
10 W - 10A 4.99 ± 0.31 -0.18 ± 0.02 0.60 ± 0.04 
30W - 30A 4.11 ± 0.31 -0.23 ± 0.17 0.45 ± 0.16 
60W - 60A 5.50 ± 0.35 2.14 ± 0.05 1.13 ± 0.08 
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Table 4: ANOVA model results testing for the effects of % canopy openness (CO: 10%, 30% 
and 60%) and temperature treatment (TEMP: ambient or passively warmed) on maximum, 
minimum and mean daily volumetric soil moisture content (%) at Cloquet Forestry Center, 
Cloquet, MN, USA).  Asterisks denote results significant at (*) P ≤0.1 and (**) at P ≤0.05. 
 
  R
2 DF F P 
Mean Daily Soil Moisture (%) 0.26 5 34.8 <.0001** 
CO   2 45 <.0001** 
TEMP   1 14.7 0.0001** 
CO*TEMP   2 7.1 0.0010** 
10% Canopy openness only 0.13 1 25.1 <.0001** 
30% Canopy openness only 0.11 1 19.5 <.0001** 
60% Canopy openness only 0 1 0.8 0.3725 
Maximum Daily Soil Moisture (%) 0.17 5 21.13 <.0001** 
CO   2 24.9 <.0001** 
TEMP   1 11.9 0.0006** 
CO*TEMP   2 9.9 <.0001** 
10% Canopy openness only 0.22 1 47 <.0001** 
30% Canopy openness only 0.06 1 10.2 0.0017** 
60% Canopy openness only 0.01 1 2.5 0.12 
Minimum Daily Soil Moisture (%) 0.28 5 39.2 <.0001** 
CO   2   <.0001** 
TEMP   1   0.0191* 
CO*TEMP   2   0.0002** 
10% Canopy openness only 0 1 0 0.98 
30% Canopy openness only 0.1 1 18.9 <.0001** 
60% Canopy openness only 0 1 0.9 0.7709 
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Table 5: Full ANOVA model results testing for experimental effects on total extension growth (cm) in six tree seedling species (A. 
balsamea, A. saccharum, P. strobus, Q. macrocarpa, P. banksiana and P. tremuloides; top) and ANOVA model results testing for the 
cumulative effects of % canopy openness (CO: 10%, 30% and 60%) and temperature treatment (mean daily maximum, minimum and 
mean temperature) on total extension growth (cm) at each field site (CFC: Cloquet Forestry Center, Cloquet, MN, USA and HWRC: 
Hubachek Wilderness Research Center, Winton, MN, USA; middle and bottom).  Asterisks denote results significant at (*) P ≤0.1 and 
(**) at P ≤0.05. 
 R
2 DF F P     
Total Extension Growth 0.4 72, 858 8.5 <.0001**    
Site  1 0.0341 0.8536     
CO  2 33.9717 <.0001**    
Site*CO  2 1.3167 0.2686     
Temp  1 4.503 0.0341**     
Site*Temp  1 0.1583 0.6908     
CO*Temp  2 6.8842 0.0011**     
Site*CO*Temp  2 4.2635 0.0144**     
SPP  5 41.0588 <.0001**    
Site*SPP  5 4.9337 0.0002**     
CO*SPP  10 7.2838 <.0001**    
Site*CO*SPP  10 1.2221 0.2727     
Temp*SPP  5 3.291 0.006**     
Site*Temp*SPP  5 0.2416 0.944     
CO*Temp*SPP  10 2.2156 0.0153**     
Site*CO*Temp*SPP  10 1.8097 0.0553*     
Log(Initial Size)   1 49.0602 <.0001**       
   
94 
 
 CFC HWRC 
  R2 DF F P R2 DF F P 
Total Extension Growth 0.4 36, 462 8.7 <.0001** 0.58 36, 309 12.1 <.0001** 
CO  2 12.2 <.0001**  2 13.7 <.0001** 
Species  5 16.5 <.0001**  5 30.8 <.0001** 
CO*Species  10 4.3 <.0001**  10 4.5 <.0001** 
Maximum Daily Temperature  1 5.7 0.0172**  1 2.9 0.0882* 
CO*Maximum Daily Temperature  2 12.4 <.0001**  2 1.4 0.2432 
Species*Maximum Daily Temperature  5 2.9 0.014**  5 0.8 0.5775 
CO*Species*Maximum Daily Temperature  10 1.9 0.0373**  10 2.2 0.0154** 
Log(Initial Size)  1 55.6 <.0001**  1 15.2 <.0001** 
Total Extension Growth 0.4 36, 462 8.6 <.0001** 0.58 36, 309 12.1 <.0001** 
CO  2 16.8 <.0001**  2 3.1 0.0466** 
Species  5 4.4 0.0006**  5 1.7 0.1323 
CO*Species  10 2.5 0.0065**  10 2.1 0.0213** 
Minimum Daily Temperature  1 0.3 0.5697  1 3.9 0.0486** 
CO*Minimum Daily Temperature  2 8.8 0.0002**  2 3 0.0521* 
Species*Minimum Daily Temperature  5 1.5 0.1913  5 0.8 0.5197 
CO*Species*Minimum Daily Temperature  10 1.9 0.0435*  10 1.8 0.0521* 
Log(Initial Size)  1 55.6 <.0001**  1 15.2 <.0001** 
Total Extension Growth 0.4 36, 462 8.6 <.0001** 0.58 36, 309 12.1 <.0001** 
CO  2 17.1 <.0001**  2 17.5 <.0001** 
Species  5 11.4 <.0001**  5 21.5 <.0001** 
CO*Species  10 3.7 <.0001**  10 5.3 <.0001** 
Mean Daily Temperature  1 1.8 0.1795  1 2 0.1548 
CO*Mean Daily Temperature  2 10 <.0001**  2 2.3 0.1045 
Species*Mean Daily Temperature  5 2 0.0843*  5 0.7 0.5919 
CO*Species*Mean Daily Temperature  10 1.5 0.1234  10 2 0.0357* 
Log(Initial Size)   1 55.6 <.0001**   1 15.2 <.0001** 
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Table 6: Full ANOVA model results testing for experimental effects on final diameter (mm) in six tree seedling species(A. balsamea, 
A. saccharum, P. strobus, Q. macrocarpa, P. banksiana and P. tremuloides; top) and ANOVA model results testing for the 
cumulative effects of % canopy openness (CO: 10%, 30% and 60%) and temperature treatment (mean daily maximum, minimum and 
mean temperature) on final diameter (mm) at each field site (CFC: Cloquet Forestry Center, Cloquet, MN, USA and HWRC: 
Hubachek Wilderness Research Center, Winton, MN, USA; middle and bottom).  Asterisks denote results significant at (*) P ≤0.1 and 
(**) at P ≤0.05. 
 
  R
2 DF F P         
Diameter Growth 0.12 72, 876 1.48 0.0085**     
Site  1 2.0114 0.1565     
CO  2 0.73 0.4822     
Site*CO  2 2.105 0.1225     
Temperature  1 1.8405 0.1753     
Site* Temperature  1 0.9952 0.3188     
CO* Temperature  2 2.159 0.1161     
Site*CO* Temperature  2 1.7898 0.1677     
SPP  5 2.5961 0.0243*     
Site*SPP  5 2.0022 0.0762*     
CO*SPP  10 2.1106 0.0215*     
Site*CO*SPP  10 1.8661 0.0465**     
Temperature *SPP  5 1.8777 0.0958*     
Site* Temperature *SPP  5 1.8445 0.1018     
CO* Temperature *SPP  10 1.6752 0.0822*     
Site*CO* Temperature *SPP  10 1.6863 0.0796*     
Log(2008 Diameter)  1 0.3015 0.5831     
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  CFC HWRC 
  R2 DF F P R2 DF F P 
Total Diameter Growth 0.77 36, 464 44.2 <.0001** 0.67 36, 311 17.6 <.0001** 
CO  2 42.9 <.0001**  2 16.4 <.0001** 
Species  5 8.9 <.0001**  5 6.1 <.0001** 
CO*Species  10 5.4 <.0001**  10 3.8 <.0001** 
Maximum Daily Temperature  1 0.2 0.6699  1 1.5 0.2288 
CO*Maximum Daily 
Temperature 
 2 13.4 <.0001**  2 3.4 0.0334* 
Species*Maximum Daily 
Temperature 
 5 3.4 0.0048**  5 0.3 0.9011 
CO*Species*Maximum Daily 
Temperature 
 10 2.1 0.0223*  10 0.6 0.834 
Log(2008 Diameter)  1 770.4 <.0001**  1 301.2 <.0001** 
Total Diameter Growth 0.77 36, 464 44.2 <.0001** 0.67 36, 311 17.6 <.0001** 
CO  2 29.3 <.0001**  2 8.7 0.0002** 
Species  5 6.1 <.0001**  5 0.3 0.9254 
CO*Species  10 3.7 <.0001**  10 0.7 0.7003 
Minimum Daily Temperature  1 0.1 0.7792  1 1.2 0.2736 
CO*Minimum Daily 
Temperature 
 2 11.7 <.0001**  2 3 0.0491* 
Species*Minimum Daily 
Temperature 
 5 2.8 0.0153*  5 0.3 0.8945 
CO*Species*Minimum Daily 
Temperature 
 10 3.5 0.0002**  10 0.4 0.9495 
Log(2008 Diameter)  1 770.4 <.0001**  1 301.2 <.0001** 
Total Diameter Growth 0.77 36, 464 44.2 <.0001** 0.67 36, 311 17.6 <.0001** 
CO  2 46.7 <.0001**  2 21.5 <.0001** 
Species  5 4.7 0.0003**  5 6.1 <.0001** 
CO*Species  10 5.4 <.0001**  10 4 <.0001** 
Mean Daily Temperature  1 0 0.9201  1 3.2 0.0743 
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CO*Mean Daily Temperature  2 13 <.0001**  2 3.5 0.033* 
Species*Mean Daily 
Temperature 
 5 3.5 0.0041**  5 0.4 0.8528 
CO*Species*Mean Daily 
Temperature 
 10 2.5 0.0064**  10 0.5 0.9066 
Log(2008 Diameter)   1 770.4 <.0001**   1 301.2 <.0001** 
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Table 7: ANOVA model results testing for the cumulative effects of % canopy openness (CO: 10%, 30% and 60%) and temperature 
treatment (mean daily maximum and mean daily average) on diameter relative growth rate of six tree seedling species (A. balsamea, 
A. saccharum, P. strobus, Q. macrocarpa, P. banksiana and P. tremuloides) at two field sites (CFC: Cloquet Forestry Center, Cloquet, 
MN, USA and HWRC: Hubachek Wilderness Research Center, Winton, MN, USA).  Asterisks denote results significant at (*) P ≤0.1 
and (**) at P ≤0.05. 
 
 CFC HWRC 
 R2 DF F P R2 DF F P 
Diameter Relative Growth Rate 0.41 35, 465 9.3 <.0001** 0.3 35, 311 3.8 <.0001** 
CO  2 19.7 <.0001**  2 10.6 <.0001** 
Species  5 11.6 <.0001**  5 8 <.0001** 
CO*Species  10 3.3 0.0004**  10 3.6 <.0001** 
Maximum Daily Temperature  1 1.4 0.2379  1 2.2 0.1417 
CO*Maximum Daily Temperature  2 8.7 0.0002**  2 5.1 0.0067** 
Species*Maximum Daily Temperature  5 3.1 0.0097**  5 0.6 0.6784 
CO*Species*Maximum Daily 
Temperature 
 10 1.5 0.144  10 1.2 0.2587 
Diameter Relative Growth Rate 0.41 35, 465 9.3 <.0001** 0.3 35, 311 3.8 <.0001** 
CO  2 17.8 <.0001**  2 7.8 0.0005** 
Species  5 4.7 0.0003**  5 0.2 0.9502 
CO*Species  10 2.9 0.0013**  10 1.5 0.1367 
Minimum Daily Temperature  1 0.2 0.6959  1 0.7 0.4176 
CO*Minimum Daily Temperature  2 7.4 0.0007**  2 5.2 0.0058** 
Species*Minimum Daily Temperature  5 2.6 0.0267**  5 0.5 0.7666 
CO*Species*Minimum Daily Temperature  10 2.3 0.0126**  10 1.2 0.3081 
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Diameter Relative Growth Rate 0.41 35, 465 9.3 <.0001** 0.3 35, 311 3.8 <.0001** 
CO  2 24.2 <.0001**  2 16.4 <.0001** 
Species  5 6.6 <.0001**  5 9.5 <.0001** 
CO*Species  10 3.4 0.0002**  10 4.2 <.0001** 
Mean Daily Temperature  1 0.5 0.4842  1 3.9 0.048** 
CO*Mean Daily Temperature  2 8.1 0.0004**  2 5.3 0.0054** 
Species*Mean Daily Temperature  5 3 0.0114**  5 1 0.4238 
CO*Species*Mean Daily Temperature  10 1.6 0.0917*  10 1.2 0.2664 
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Table 8: Results of the proportional hazards full and species-specific sub-models examining tree 
seedling survival in six species within three levels of canopy openness (CO: 10%, 30%, 60%) 
and two temperature treatments (Temp: ambient or warmed) over three years (2008-2010) in 
aspen-birch-fir stands at two northern Minnesota sites (CFC: Cloquet Forestry Center, Cloquet, 
MN, USA) and (HWRC: Hubachek Wilderness Research Center, Winton, MN, USA).  Asterisks 
denote results significant at (*) P ≤0.1 and (**) at P ≤0.05. 
 
    CFC MODEL HWRC MODEL 
  Effects DF X2 P DF X2 P 
Full   35 139.6 <0.0001** 35 149.4 <0.0001** 
  CO 2 3.2 0.1999 2 10.8 0.0045** 
  Temp 1 8.5 0.0035** 1 8.6 0.0035** 
  CO* Temp 2 21.7 <0.0001** 2 12.2 0.0023** 
  Species 5 71.1 <0.0001** 5 54 <0.0001** 
  CO* Species 10 10.1 0.4303 10 30.4 0.0007** 
  Temp * Species 5 5.1 0.4064 5 6.6  0.2528 
  CO* Temp * 
Species 
10 16.6 0.0832* 10 13.2  0.2103 
Within Species 
A. balsamea   5 5.2 0.3928 5 12.4 0.0302** 
  CO 2 0.1 0.9508 2 5.4  0.0681* 
  Temp 1 3.7 0.0551* 1 4.9 0.0276** 
  CO * Temp 2 1.4 0.4857 2 3.6  0.1619 
A. saccharum   5 6.5 0.2631 5 9.1  0.11 
  CO 2 0.2 0.9283 2 2.1  0.3451 
  Temp 1 0.3 0.6005 1 2.6  0.1096 
  CO * Temp 2 5.7 0.0579* 2 2.6  0.2735 
P. strobus   5 11.6 0.0401** 5 23.6 0.0003** 
  CO 2 1.1 0.5784 2 14.8 0.0006** 
  Temp 1 2.4 0.1219 1 0.02  0.8899 
  CO * Temp 2 6.6 0.0375** 2 6.8 0.0340** 
Q. macrocarpa   5 3.7 0.592 5 9.8   0.08* 
  CO 2 0.6 0.7439 2 7.4  0.0246** 
  Temp 1 2.3 0.1277 1 1.4   0.2405 
  CO * Temp 2 0.4 0.8198 2 0.3   0.8482 
P. banksiana   5 22.9 0.0004** 5 29.1 <0.0001** 
  CO 2 6.6 0.0365** 2 3.5  0.1765 
  Temp 1 0.4 0.5335 1 11.5 0.0007** 
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  CO * Temp 2 16.8 0.0002** 2 8.1   0.0175** 
P. tremuloides   5 9.9 0.0769* 5 7.4   0.19 
  CO 2 6.2 0.0446** 2 1.9   0.3864 
  Temp 1 1.9 0.1642 1 1   0.317 
  CO * Temp 2 3.4 0.1826 2 5.2 0.0737* 
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Figure 1: Hexagonal open-topped chamber designed to passively warm seedlings in the field. 
The chambers were constructed of PVC piping fitted into custom wooden connectors, enclosed 
in greenhouse film.  The chamber design was adapted from ITEX hexagonal chambers designed 
for temperature enhancement (Marion et al. 1993). 
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Figure 2: Mean growing 
season maximum, mean 
and minimum daily 
temperatures in ambient 
and passively warmed 
plots in three light 
environments (10%, 30%, 
60% canopy openness) in 
~80 year old unmanaged 
aspen-birch-fir stands at 
Cloquet Forestry Center 
(CFC - left, Cloquet, 
Minnesota, USA) and 
Hubachek Wilderness 
Research Center (HWRC - 
right, Winton, Minnesota, 
USA).  Significant 
pairwise differences 
within light environment 
are P < 0.05 (*).  Error 
bars are standard errors.
   
104 
 
Figure 3: Mean daily volumetric water content (%) in ambient and passively warmed plots in 
three levels of canopy openness (10%, 30% and 60%) in an unmanaged, ~ 80 year aspen-birch-
fir stand at Cloquet Forestry Center (Cloquet, MN, USA).  Letters indicate Tukey HSD 
significance across treatments. 
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Figure 4: Mean maximum, mean 
and minimum daily %  relative 
humidity in ambient and passively 
warmed plots in three light 
environments (10%, 30%, 60% 
canopy openness) in ~80 year old 
unmanaged aspen-birch-fir stands 
at Cloquet Forestry Center (CFC, 
Cloquet, Minnesota, USA) and 
Hubachek Wilderness Research 
Center (HWRC, Winton, 
Minnesota, USA).  Significant 
pairwise differences within light 
environment are P < 0.05 (*).  
Error bars are standard errors. 
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Figure 5: Mean total new extension growth (leader + all branch extensions) in six species over 
two growing seasons in three levels of canopy openness and two temperature treatments.  Error 
bars are standard errors. 
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Figure 6: Mean total new extension growth (leader + all branch extensions) in six species after 
two growing seasons in three levels of canopy openness and two temperature treatments at CFC 
(top) and HWRC (bottom). Error bars are standard errors.  Significant pairwise differences 
within light environment are indicated as: P < 0.10 (+) and P < 0.05(*).  Error bars are standard 
errors. 
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Figure 7: Mean tree seedling diameter after two growing season (2010) in six species.  Seedlings 
were planted in ambient and passively warmed plots in three light environments (10%, 30%, 
60% canopy openness) in ~80 year old unmanaged aspen-birch-fir stands at Cloquet Forestry 
Center (top panel, Cloquet, Minnesota, USA) and Hubachek Wilderness Research Center 
(bottom panel, Winton, Minnesota, USA).  Significant pairwise differences within light 
environment are indicated as: P < 0.10 (+) and P < 0.05 (*).  Error bars are standard errors. 
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Figure 8: Diameter relative growth rate in six species of tree seedlings after two growing seasons 
(2010).  Seedlings were planted in ambient and passively warmed plots in three light 
environments (10%, 30%, 60% canopy openness) in ~80 year old unmanaged aspen-birch-fir 
stands at Cloquet Forestry Center (top panel, Cloquet, Minnesota, USA) and Hubachek 
Wilderness Research Center (bottom panel, Winton, Minnesota, USA).  Significant pairwise 
differences within light environment are indicated as: P < 0.10 (+) and P < 0.05 (*).  Error bars 
are standard errors. 
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 Figure 9: Mean percent survival 
through time in six species planted in 
three levels of canopy openness (10%, 
30%, 60%) in two temperature 
environment (ambient and warmed) in 
an ~80 year old unmanaged aspen-
birch-fir stand at Cloquet Forestry 
Center (CFC, Cloquet, Minnesota, 
USA). 
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 Figure 10: Mean percent survival 
through time in six species planted in 
three levels of canopy openness 
(10%, 30%, 60%) in two temperature 
environments (ambient and warmed) 
in an ~80 year old unmanaged aspen-
birch-fir stand at Hubachek 
Wilderness Research Center 
(HWRC, Winton, Minnesota, USA). 
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Conclusions 
As our global climate warms, plant distributions are predicted to shift due to altered 
disturbance, precipitation and seasonal temperature regimes.  Areas currently occupied by the 
northern temperate and boreal forests are projected to undergo significant changes in response to 
climate warming.  Northward migration of temperate and southern boreal species could alter 
community composition, diversity and productivity in forested ecotones.  Critical to 
understanding potential forest shifts is gaining a better understanding of warming effects on 
young tree seedlings.  Seedling response to warming will influence future forest composition.  In 
this dissertation, I examined the effects of climate warming on tree seedling physiology, growth 
and survival in species common to the temperate-boreal forest ecotone in both greenhouse and 
field experiments.  I learned the following:  
>>Chapter 1:  Tree seedlings germinated and grown in elevated temperature had lower 
plant biomass, lower non-structural carbohydrate reserve pools and tissue concentrations relative 
to seedlings grown in cooler temperatures.  After subjected to low-light stress, seedlings in 
elevated temperature showed higher dark respiration rates and mortality relative to seedlings 
grown in a cooler temperature environment.  I provide evidence that seedlings use stored non-
structural carbohydrates to support metabolism and enhance survival when below their 
compensation points; following shading, seedlings in the cooler temperature environment 
survived nearly twice as long as those in elevated temperature, in part due to higher carbon 
reserves.  Overall, this study suggests that elevated temperature reduces tree seedling 
productivity and resilience to environmental stress, potentially limiting seedling recruitment, 
particularly in forest understories. 
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>>Chapter 2:  Non-structural carbohydrates are an important means by which plants 
respond to environmental stress and promote survival, but allocation to and use of NSC reserves 
varies across resource gradients.  I provide evidence that patterns of NSC reserve use and 
accumulation vary across species, within species across a light gradient and seasonally in 
conjunction with growth phenology.  Within species, my results suggest that seedlings respond 
differently to light availability, accumulating higher reserves when growth is limited by light 
availability (low light, all species), by other physiological limitations (high light, low 
physiological plasticity) or when light is sufficient to result in both growth and reserve 
accumulation, but that these patterns vary from year to year.  Also, I found that species vary in 
their temporal accumulation and use of NSCs, but all species demonstrated similar seasonal 
trends in NSC reserves; pools and concentrations generally increased between spring and fall, 
and declined overwinter  
>>Chapter 3:  Both temperature and light availability may influence seedling recruitment 
across resource and microclimate gradients.  I provide evidence that warming, generally, has no 
effects or positive effects on growth and productivity in six species common to the temperate-
boreal ecotone in low and intermediate light levels, but where observed, negative effects were  in 
high light.  I also provide weak evidence that modest warming increases growth and survival in 
species near their northern range limits (temperate species), but shows the opposite effect in 
species near their southern range limits (boreal species).  Finally, I show that open top chambers 
may be a viable option for achieving modest enhancements of maximum and mean daily 
temperature in forests during the growing season, but may not effectively alter minimum 
temperatures. 
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APPENDIX A, Supplementary information for Chapter 1 methods 
 
Predicting leaf mass to estimate leaf Rd 
 
 
Due to high seedling mortality following deep shade, I could not always harvest the individual seedling on which I measured leaf Rd. 
Leaf area is required to estimate leaf Rd, so I used species specific regression models to predict leaf mass at any given week post 
treatment (WPT).  I then used the predicted leaf weights to estimate leaf area at any given week post treatment, and used the resulting 
predicted leaf areas to predict leaf Rd for each measurement week. 
 
Species Temperature treatment Predicted leaf mass equation 
Abies balsamea 25°C day/19°C night Leaf weight (g) = 0.0140821 - 0.0006643*WPT 
 30°C day/24°C night Leaf weight (g) = 0.0388527 + 0.002075*WPT 
Pinus strobus 25°C day/19°C night Leaf weight (g) = 0.0017129 + 0.0074011*WPT 
 30°C day/24°C night Leaf weight (g) = 0.0590134 + 0.0143948*WPT 
Pinus banksiana 25°C day/19°C night Leaf weight (g) = 0.2676991 + 0.00829*WPT 
  30°C day/24°C night Leaf weight (g) = 0.2513373 + 0.003121*WPT 
 
 
